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III Abstract 
In plants and animals, there are many examples where cell identity is maintained by 
epigenetic marks that prevent changes in cell type specific transcription programs, for 
example, in the control of homeotic gene expression patterns that specify regional fate 
during development (Goodrich and Tweedie 2002 and Orlando 2003). Central to the cell 
memory machinery are the Polycomb-Group (Pc-G) genes. The Arabidopsis (Pc-G) genes 
FERTILISATION-INDEPENDENT ENDOSPERM (FIE), FERTILISATION INDEPENDENT 
SEED2 (FIS2) and MEDEA (MEA) are required for ovule and seed development. These 
three genes confer similar mutant phenotypes in both unfertilized embryo sacs and 
developing seeds; that is, fertilization-independent endosperm proliferation and the abortion 
of fertilized seeds that carry a maternally inherited mutant mea, fis2, orfie allele. 
I have shown that MEA and FIE, and MEA and FIS2 interact in yeast two-hybrid, and that 
the interaction of MEA and FIE is mediated by the amino-terminal region of MEA, whilst 
interaction of MEA and FIS2 requires the FIS2 C—terminal VEFS box. As the FIE and MEA 
RNA expression patterns over-lap in vivo and the proteins co-localize within the nucleus in 
planta, I conclude that the similarity of the fie, fis2, and mea phenotypes reflects the 
interaction of their gene products as part of a multiprotein complex. Furthermore, FIE, 
MEA, and FIS2 do not possess specific DNA binding activity, and it remains unclear how 
the FIE complex is directed to its target genes. Yeast two-hybrid assays were used to 
identify a novel FIE interacting protein: RAP-1, a member of the basic helix-loop-helix 
(bJ-ILH) family of transcription factors. The biological relevance of this interaction is 
unclear, as it was not possible to confirm genetic interaction of FIE and RAP-] in vivo. 
However, this could be due to redundancy as RAP-] is a member of a large gene family. 
FIE is expressed in both embryo and endosperm, but predominantly affects endosperm 
development. In order to establish if FIE is needed in both, I used a strategy for targeted 
expression of FIE to the embryo and endosperm in a lie background. A rescue of the fie 
embryo lethality was achieved and viable lie homozygous seedlings were observed. This 
confirms that the transactivation strategy is potentially valuable for dissecting fie function. 
However, it was not possible to resolve the site offie function due to technical problems with 
one of the transgenic lines used. 
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Chapter 1. Introduction 
jJ General introduction: plant development 
A particular feature of plant development is that all adult structures are derived from 
meristems, groups of stem cells produced during embryogenesis. The entire aerial structure 
of plants develops from the SAM (shoot apical meristem), whilst the entire root system is 
derived from the cells that make up the root meristem. These meristems retain the capacity 
for cell proliferation throughout the adult life of the plant and can differentiate into many cell 
types. For instance, the SAM produces lateral organs (such as leaves), stem tissues, 
secondary meristems, as well as regenerating itself. The activity of meristems is re-iterative, 
for example, a vegetative meristem will repeatedly produce modular units each consisting of 
a bud, leaf, and internode. After a phase of vegetative growth, the SAM switches to an 
inflorescence meristem, which in turn can produce many floral meristems. Each floral 
menstem will produce the various floral organs, such as sepals, petals, stamens and carpels. 
Unlike in animal development, plant cells divide in orientations that limit their movement 
between cell layers; also, the cell wall ensures that plant cells cannot migrate during 
development. As plant cells do not migrate they will not come into contact with many other 
cell types during development. It is therefore thought that clonally heritable restrictions on 
cell fate will be less important in plants compared with animals, and that positional 
information will play a more important role in plant cell fate. However, there is some 
evidence that heritable cell fate specification may be important during later stages of plant 
development (Carpenter and Coen 1990, and Jenik and Irish 2001). These restrictions in 
gene expression are determined by epigenetic changes, which in plants may be more easily 
reset than in animals. Thus, plant cells are totipotent and under certain environmental 
stimuli an adult somatic plant cell can have its cell fate memory completely erased and 
consequently regain an ability to display its full genetic program as a somatic embryo, 
leading to the formation of a new plant. Accordingly, is relatively easy in plants 
(Steeves and Sussex 1989). This is in contrast to animals, where epigenetic marks are much 
more stable, and are for the most part reset during embryogenesis and germline formation 
only. The term epigenetic is used in the modem sense here, where epigenetic changes confer 
mitotically and occasionally meiotically heritable changes in gene expression, and do not 
involve changes in the DNA sequence itself. In animals, epigenetic control of cell fate is 
mediated by two groups of genes: the trithorax-group (trx-G), which act to maintain 
expression of a specific set of developmental genes in those cells where they have been 
turned on, and the Polycomb-group (Pc-G), which act to maintain transcriptional repression 
in subsequent cell lineages, where the target genes have been initially turned off (Pirrotta 
1998). The Pc-G consists of a structurally disparate group of proteins that act in large 
multiprotein complexes. Remarkably, several Pc-G proteins have been found to be 
conserved in plants, and regulate key developmental pathways such as flowering and seed 
development, although it is still unclear if their mechanism of action is also conserved. 
To further characterise Pc-G gene action in plants, the aim of this thesis was to dissect the 
interactions and site of action of a group of Pc-G genes that collectively regulate seed 
development in the flowering plant model species Arabidopsis thaliana. 
1.2 Angiosperm sexual reproduction 
1.21 The gametophyte 
One of the ways in that the plant life cycle differs from that of animals is that it alternates 
between two distinct multicellular phases: a haploid generation (the gametophyte), and a 
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Figure 1.1 Schematic representation of an ovule and female gametophyte, before and after fertilization. Nuclei are 
represented by black circles. A) Unfertilized ovule. B) Ovule undergoing fertilization. C-E) Post-fertilization early seed 
development. 
the dominant phase; this phase begins after fertilization with the zygote, and gives rise to the 
mature plant with vegetative organs and flowers that contain the reproductive organs. The 
gametophytic generation begins  when haploid spores produced during meiosis undergo 
mitotic cell proliferation and differentiation to develop into the male and female 
gametophytes. The gametophytes consist of a small number of cells that are embedded 
within the male and female parts of the flower. The male gametophyte (or pollen grain), 
which develops within the stamen's anther, is a three-celled structure comprised of two 
sperm cells encased within a vegetative cell. The female gametophyte (embryo sac) 
develops within the ovules, which in turn are contained within the ovaries of the carpel. The 
female gametophyte typically consists of seven cells and four different cell types; three 
antipodal cells, two synergid cells, one egg cell, and one central cell that contains the two 
fused polar nuclei and occupies most of the volume of the embryo sac (figure 1. 1A). The 
female gametophyte has a distinct polarity, with the egg and synergid cells at the micropylar 
pole, and the antipodal cells at the chalazal pole (figure 1. 1A). Female gametophytic 
development requires gene products that are expressed both within the gametophyte itself 
and the surrounding sporophytic tissue (Drews et al. 1998, Grossniklaus and Schneitz 1998, 
and Schneitz 1999). In Arabidopsis the three antipodal cells degenerate to give the mature 
ovule (figure 1. 1B). At the anterior pole the integuments form the micropylar pore, and at 
posterior or chalazal pole, the ovule joins the funiculus. 
1.2.2 Fertilization 
When pollen is transferred from anther to stigma the male gametophyte germinates a pollen 
tube that delivers the two sperm cells to the female gametophyte via the micropyle to one of 
the synergid cells (figure 1.1 B) (Rotman et al. 2003). The synergid cell degenerates at the 
time of pollen tube discharge or very shortly before it (Faure et al. 2002). One of the sperm 
nuclei fuses with the egg cell to produce the diploid zygote, which develops into the embryo 
proper and the suspensor (an organ that is responsible for anchoring the embryo to the 
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embryo sac and ovule tissue). The other fertilizes the binucleate central cell to produce the 
triploid primary endosperm nucleus, which gives rise to the triploid endosperm (a zygotic 
body that supports embryo growth and development) (figure 1.1 C-E). After this double 
fertilization event the integuments (the outer coating of the ovule) develop into the seed coat 
and the carpel elongates to form a fruit, which in Arabidopsis is termed the silique. Seed 
formation requires the coordinate development and cellular interactions of the embryo, the 
endosperm, and the integuments. 
1.2.3 Endosperm development 
Shortly after fertilization, the triploid primary endosperm nucleus undergoes successive 
divisions without cytokinesis. The resulting nuclei migrate into the expanding central cell 
producing a syncytium (or coenocyte) of a few hundred nuclei (Berger 1999). Each nucleus 
is surrounded by a denser cytoplasm, which together with the nucleus is known as the 
nuclear cytoplasmic domain (NCD) (figure 1.2). After three initial synchronous cycles of 
nuclear division three independent mitotic domains are observed in which nuclei either 
undergo coordinated divisions or increase in size. The three distinct mitotic compartments 
are organised along the anterior-posterior (A-P) axis. At the posterior pole, the nuclei are 
larger, and mitotic division does not occur, suggesting that ploidy in this region is greater 
than in the other mitotic domains (Boisnard-Lorig et al. 2001). By the time the embryo has 
reached its globular stage in development (figure 1.3), three morphologically distinct zones 
can be identified: chalazal endosperm (CZE) at the posterior pole, consisting of a cyst and 
several smaller nodules (made up of nuclei sharing a common NCD), peripheral endosperm 
(PE), and the dense micropylar endosperm (MCE) surrounding the embryo at the anterior 
pole (figure 1.2). It is thought that the endosperm is required for proper embryo formation, 
for example, the subtilisin-like serine protease ABNORMAL LEAF SHAPE (ALE 1) is 
expressed strongly in the MCE throughout embryo development, and weakly in the embryo 
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Figure 1. 2 Wild type developing seed. A) Transition-stage embryo before 
endosperm cellularization. B) Heart-stage embryo during endosperm 
cellularization. Cellularization occurs in a wave from the micropylar pole to the 
chalazal pole (anterior to posterior). The CZE remains uncellularized. CZE, 
chalazal endosperm, Em, embryo, ME, mycropylar endosperm, SC, seed coat, Su, 
suspensor, PE, peripheral endosperm, NCD, nuclear cytoplasmic domain. Arrow 











Figure 1.3 Overview of Arabidopsis embryogenesis. Main stages of embryo development, a) Zygote. b) 
Globular (preceded by the proembryo and derinatogen stages). c) Transition. d) Heart. e) Torpedo. 
Walking-stick. g) Mature. The suspensor senesces during the torpedo-stage. Em = embryo, Su = suspensor. 
up until the late globular stage; where it affects the formation of cuticle at the interface 
between the embryo and the endosperm. When ALE] is mutated the cuticle is defective and 
the remnants of the endosperm remain attached to the embryo and the juvenile plants suffer 
excessive water loss and organ fusion (Tanaka et al. 2001). 
Cellularisation of the endosperm is a gradual process that occurs shortly after the embryo 
globular stage, and is coupled with the eighth cycle of synchronous mitosis in the PE 
(Sorensen et al. 2002). Cellularisation begins in the area surrounding the embryo at the 
micropylar pole and progresses throughout the PE in the direction of the chala.zal pole 
(figure 1.2B). The chalazal cyst and nodules remain uncellularised. Ultimately, in 
Arabidopsis, the endosperm is mostly degraded and absorbed by the developing embryo. 
This is in contrast to the cereals such as maize, rice, and barley where endosperm is much 
more persistent and makes up most of the bulk of the mature seed. The cereal endosperm 
contains stores of carbohydrates and proteins important in the feeding of humans and 
livestock, and represents around 60% of the world's food supply (Berger 2003). The study 
of endosperm development is therefore of high agronomic importance, and is the focus of 
much research. 
1.2.4 Embryo development 
The development of the fertilized egg cell into a mature embryo begins with an asymmetric 
cleavage of the zygote. The more apical of the resulting cells forms the embryo proper, and 
the other forms the suspensor. During development of the embryo an apical-basal (A-B) 
pattern is established consisting of: the SAM, the cotyledons, the hypocotyl, the root, and the 
root apical meristem. Along its radial axis the embryo comprises three main tissue types: the 
outer protoderm (epidermis), the middle ground meristem, and the inner procambium 
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Figure 1.4 Embryo patterning. Torpedo-stage embryo, showing the three 
major embryonic tissue systems: protoderm (p), ground meristem (gm), and 
procambium (pc), and the five major organs/structures along the apical-basal 
axis: cotyledons (cot), shoot apical meristem (sam), hypocotyl (h), root (r), and 
root apical meristem (ram). DIC light microscopy. 
thought to be maternally influenced, for example, short integument] (sin]) mutant mother 
plants show defects in the A-B axis regardless of the paternal gene input (Ray et al. 1996). 
The morphology of the embryo changes throughout embryogenesis and is summarised in 
figure 1.3. The endosperm is also thought to play a role in embryogenesis, for example in 
controlling embryo size (Hong et al. 1996 and Garcia et al. 2003). Embryogenesis can occur 
without apparent surrounding maternal tissue or endosperm, for example, somatic cells can 
undergo embryogenesis in culture to produce viable plants (Williams 1986 and Dejong 
1993), and egg cells fertilized in vitro can give rise to fertile adult plants (Kranz and 
Dresseihaus 1996). However, it is thought that the cell cultures secrete many different 
proteins into the medium, a process that contributes to the conditioning of the medium 
allowing it to mimic the nursing function of the endosperm (van Hengel et al. 1998). 
Overexpression of certain genes can also result in somatic embryogenesis, for example on 
the leaves of plants ectopically expressing LEAFY COTYLEDON] (LEC]) (Lotan et al. 
1998). 
Embryogenesis ends with a dormancy period; after the embryo has reached its maximum 
size and large amounts of storage products have been synthesised the seed becomes 
dehydrated and metabolic activities cease. Dormancy is maintained by high abscisic acid 
(ABA) levels, which prevent the seed from germinating whilst still within the silique 
(Koorneef et al. 1984 and Nambara et al. 1992). When environmental conditions are 
suitable, a seed is capable of undergoing germination. Germination is a complicated process 
including rehydration, repair mechanisms, cell elongation and the expression of the extensin-
like protein AtEPR1 to aid the emerging radicle (Dubreucq et al. 2000). 
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j Apomixis 
Certain plants have the ability to produce seeds asexually. In this process, known as 
apomixis, female gametes develop without meiosis (or with abnormal meiosis) and embryos 
(and sometimes endosperm) develop without fertilization (Koltunow 1995). Although it is a 
complex process, apomixis is often inherited as a simple Mendelian trait, which may suggest 
that it is controlled by relatively few genes (Kindiger 1996). It is thought that apomixis may 
have evolved through modifications of the normal sexual reproduction pathway, rather than 
constituting a novel pathway distinct from sexual reproduction (Grimanelli et al. 2001). 
Arabidopsis thaliana is a non-apomictic plant and seed development requires a double 
fertilization event. 
The ability to develop new strains of apomictic crop plants has important implications for 
agriculture, one application being hybrid seed production. Traits transferred into an 
apomictic plant, whether by classical breeding or by genetic engineering, would not be lost 
in the genetic shuffling that occurs during sexual reproduction. In crops, the production of 
hybrids is complex and expensive; apomixis could therefore reduce the cost of seed 
production, while ensuring the seed retain the benefits of hybrid vigour, essentially allowing 
clonal propagation through seed (Grimanelli et al. 2001). It could also avoid the 
degeneration of breeding stocks of some vegetatively propagated plants that accumulate 
pathogens through repeated use (Moffat 2001). 
1.4 Fertilization-independent seed development 
1.4.1 Identification of mutants causing fertilization-independent seed development 
A screen designed by Ohad et al. (1996) used a conditional male sterile line to identify 
mutant Arabidopsis plants that undergo any reproductive processes in the absence of 
fertilization. This led to the isolation of the FIE (FERTILIZATION-INDEPENDENT 
ENDOSPERM DEVELOPMENT) gene (Ohad et al. 1996). In the absence of fertilization, 
wild type plants show no elongation of the carpels, and no seed development (figure 1.5A), 
whilst fie mutant plants exhibit carpel elongation, and some seed like structures are seen 
displaying seed coat development. These seed-like structures show autonomous endosperm 
development. The central cell replicates (without fertilization), allowing endosperm 
development to progress until the syncytium stage (figure 1.5B). The egg cells in these 
mutants do not undergo replication prior to fertilization. Close to 50% of the female 
gametophytes in heterozygous plants show some limited endosperm development; this 1:1 
segregation suggests that thefie mutation is gametophytic in nature (Ohad et al. 1996). 
Chaudhury et al. (1997) also found similar phenotypes in another genetic screen using a 
male sterile background to isolate mutants displaying aspects of seed development without 
fertilization. Three fertilization-independent seed mutants, designated fertilization—
independent seed (fis),  were identified and shown to define three separate loci: FIS], FIS2, 
and FIS3 (Chaudhury et al. 1997). It has since been shown by sequence analysis and 
complementation that FIS3 and FIE are allelic. Grossnildaus et al. (1998) independently 
identified a gametophytic maternal effect gene named MEDEA (MEA), which is allelic to 
FIS]. In mea and j1s2 however, autonomous endosperm development progresses to the 
cellularised stage, and occasionally zygote-like and early embryo-like structures form 
(Chaudhury et al. 1997, Grossniklaus et al. 1998). 
The fact that fis mutants have normal meiosis and embryo sac formation indicates that the 
FIS genes are not likely to be the initial controlling genes for apomictic seed development, 
but they are likely to be inactivated so that full development of apomictic seeds can proceed 
(Chaudhury et al. 1997). 
* Euripides (431 B.C.), Medea. Medea kills her two children in revenge for Jason's infidelity. 
go 
a) 	 b) 
Figure 1.5 Autonomous endosperm development infie mutant ovules. a) Wild type unfertilized ovule. Arrow indicates 
central cell nucleus. b) Unfertilized fie ovule displaying some aspects of seed development. Arrows indicate endosperm 
nuclei. Integuments, I, Seed Coat, SC. 
1.4.2 Maternal effects of FIS mutants on seed development 
When fertilization is not prevented and mothers heterozygous for a fis mutation are self-
pollinated or pollinated with FJS+ pollen, 50% of the resulting seeds are viable, but the 
remainder contain an embryo that arrests at the globular to torpedo stages of development 
and subsequently collapses during desiccation (figure 1.6). Occasionally in mea and fis2 
mutant seed, the embryo germinates to produce plants generating normal rosette leaves and 
an inflorescence that produce siliques containing nearly 100% aborting seed (Kiyosue et al. 
1999 and Chaudhury et al. 1997). 
In all three fis mutant seed the endosperm is abnormal. In these mutants the endosperm 
shows signs of overproliferation of the endosperm; the CZE domain in particular is enlarged 
and expands towards the anterior pole, resulting in ectopic nodules and cysts (Sorensen et al. 
2001) (figure 1.7). The exception to this is the mea-] and mea-2 alleles, which have been 
reported to produce giant heart-stage embryos and endosperm with fewer nuclei than wild 
type (Grossniklaus et al. 1998). Because immature mea mutant embryos can be rescued 
from seeds before they abort, and cultured in vitro to give rise to phenotypically normal, but 
female sterile plants, the mea phenotype may in part result from defects in the endosperm, 
i.e. the effects on the embryo could be indirect and due to the surrounding defective 
endosperm. The fis mutants also display ectopic expression of the posterior marker gene 
linked to the enhancer trap line KS 117, suggesting that the FIS genes may be involved in the 
A-B patterning of the endosperm (Sorensen et al. 2001). Presumably the FIS genes act to 
repress endosperm development before and after fertilization, and may also be required in 
the embryo. 
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Figure 1.6 Maternal effect oiJie mutation. 	) Wild t 
dissected silique. 	b) fie heterozygote dissected silique. 




Figure 1.7 Effects of fie on seed development, a) Wild type developing seed at heart-stage of embryo development. b)JIe seed of similar 
stage. ME and PE remain uncellularized, CZE is abundant and expansive, embryo is abnormal and aborts. CZE, chalazal endosperm, Em, 
embryo, ME, mycropylar endosperm, SC, seed coat, Su, suspensor, PE, peripheral endosperm. 
1.4.3 Spatial pattern of FIS gene expression during ovule and seed 
development 
The fis mutations affect the gametophyte, endosperm and embryo, suggesting that they might 
be expressed in some or all of these tissues. The FIS expression patterns have been 
investigated using several different approaches: directly, by in situ localisation of mRNA 
transcripts, and indirectly, using various reporter constructs in transgenic plants. The pattern 
for each gene tends to vary with each different method; this in part could be due to the 
different ecotypes used in each experiment, or that different reporters do not faithfully 
replicate endogenous gene expression. Luo et al. (2000) fused the FIS gene promoters and 
coding sequences to the glucuronidase (GUS) reporter gene and transformed wild type 
plants. Their results showed that the p(F152)::FIS2-GUS and p(MEA):.MEA-GUS products 
are found in the embryo sac, in each of the polar cell nuclei, and in the central cell nucleus. 
After fertilization the maternally derived protein occurs in the nuclei of the syncitial 
endosperm. Before cellularisation, expression terminates  in the NICE and PE, and later in 
the CZE (Luo et al. 2000). FIE expression patterns were shown to overlap with that of FJS2 
and MEA, being expressed in the female gametophyte before fertilization, and in the 
endosperm after fertilization. p(FIE)::GUS and p(FIE): :GFP were also expressed in the 
embryo at the torpedo, walking stick, and early maturation stages (Yadegari et al. 2000). 
p(FIE)..GUS and p(FJE)::GFP however, were found to be expressed in all endosperm 
domains in a biphasic mode, beginning in the central cell, downregulated during the late 
syncytial phase, and reactivated at the transition-stage of embryo development whereby they 
remain expressed throughout the rest of development (Yadegari et al. 2000). Presumably the 
early endosperm expression corresponds to maternal expression and the later endosperm and 
embryo expression corresponds to zygotic expression of the transgenes. In situ hybridisation 
data is fairly consistent with the reporter gene data but differs in that MEA and FIE mRNA 
are seen to be expressed in the embryo and suspensor until the heart and torpedo stages of 
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development (Vielle-Calzada et al. 1999 and Spillane et at. 2000). If the p(FJS2)::FIS2-
GUS endosperm specific expression correctly reflects endogenous FIS2 expression, it would 
suggest that the embryo abortion phenotype seen in fis2 mutants is an indirect consequence 
of endosperm defects. Unlike the other FIS genes, FIE is expressed beyond seed 
development in seedlings and mature plants and is therefore thought to be required for 
vegetative development (Ohad etal. 1999, Luo et at. 2000). 
1.4.4 Imprinting may account for maternal effects of FIS genes 
The wild type FJS genes exert their effect by maternal gametophytic control during seed 
development, i.e. a wild type maternal allele must be inherited for normal embryo and 
endosperm development irrespective of the paternal allele inherited. One explanation for 
this is that maternal expression of the FIS genes in the female gametophyte is required before 
fertilization for normal embryo/seed development post-fertilization. For example, maternal 
loading of FIS RNA or protein into the egg or central cell before fertilization that is required 
post-fertilization (as in the case of PROLIFERA (PRL), a MCM-related protein that is 
required for DNA replication during the S-phase of the cell cycle (Springer and Holding 
2002)). However, an alternative hypothesis is that FIS genes are imprinted such that only the 
maternal allele is active during seed development. In this case, the paternal FJS+ allele 
would be silent and therefore unable to rescue the Jis maternal allele. This pattern of 
imprinting of the FIS genes would be consistent with the parental conflict hypothesis of Haig 
and Westoby (Haig and Westoby 1989 and 1991), which describes endosperm as playing an 
analogous role to the placenta in animal systems and concludes that genes that restrict zygote 
growth become paternally silenced, whereas genes promoting growth would be silent from 
maternal alleles (Scott etal. 1998a, Scott etal. 1998b Mora-Garcia etal. 2000). However, a 
complication is that it has been shown that there is a delay in paternal activation for a large 
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number of loci during the first few divisions after fertilization in both the embryo and 
endosperm (Vielle-Calzada et al. 2000). This paternal delay in activation is thought to be 
genome-wide, although there are exceptional loci with earlier activation (Vielle-Calzada et 
al. 2001 and Weijers etal. 2001). 
There are several lines of evidence suggesting MEA is paternally imprinted for longer than 
the genome-wide phenomenon in the endosperm at least: using differential expression of 
maternal and paternal MEA alleles detected by polymorphisms between different ecotypes 
(Kinoshita et al. 1999), and using reporter constructs (Luo et al. 2000, Yadegan et al. 2000, 
Vielle-Caizada et al. 2000). Luo et al. (2000) reported paternal MEA expression in the 
chalazal cyst two days after pollination, whilst paternal FIE was expressed three days after 
pollination in the early heart embryo and in the cellularised endosperm. Kinoshita et al. 
(1999) however, found paternal MEA to be expressed only in the embryo, and is silent 
throughout endosperm development. Paternal FJS2 however, was reported to be silent at all 
developmental stages in the developing seed, although even the maternal copy is silent at the 
later stages of seed development (Luo et al. 2000). Together these results suggest that 
prolonged paternal silencing of MEA could account for parent-of-origin effects as MEA is 
clearly imprinted in the endosperm. However, it is less clear whether FJS2 and FIE are 
imprinted beyond the normal period at which zygotic or paternal transcription begins. 
Furthermore, it has recently been shown that a mutation in the ddml gene (decrease in DNA 
methylation 1) can rescue mea seeds; this was thought to be by activating the paternally 
inherited wild-type MEA allele. Rescued seed are larger than wild type seeds due to an 
enlarged embryo and a persistent large portion of partially cellularised endosperm 
surrounding the embryo. The enlarged seed also exhibit some of the abnormalities found in 
aborting mea seeds, such as delayed morphogenesis and abnormal cell proliferation, 
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suggesting that the rescue is probably incomplete.  However, unlike mea seeds the enlarged 
seeds are able to resume embryogenesis and often complete their development. By contrast, 
ddmi does not rescue the maternal lethality of fie alleles (Vielle-Caizada et a! 1999). All 
three JIs mutant seeds however, can be rescued by pollen containing a hypomethylated 
genome and carrying an antisense DNA methyltransferase-i (MET-]) transgene (Luo et at. 
2000, Adams et al. 2000). When mea/mea and J1s2/J1s2 homozygous plants were pollinated 
with MEA/mea anti-MET-] or FJS2/fis2 anti-MET-] pollen nearly 100% of seed were 
rescued compared to the 50% that would be expected if the rescue depended on reactivation 
of the paternal MEA/FJS2 alleles. Luo et at. (2000) also demonstrated that the paternal 
p(MEA)::MEA-GUS and p(FIS2): :FIS2-GUS transgenes were not reactivated in anti-MET-] 
hypomethylated plants, again suggesting that rescue did not involve reactivation of paternal 
FIS alleles. This indicated that the rescue of fie and fis2 endosperm by demethylation of the 
pollen genome results in the derepression of silenced genes other than the FIS genes which 
act as modifiers of the maternal effect offis mutations (Luo et al. 2000). 
Recent studies of the DEIvIETER (DME) gene have given more insight into FIS imprinting. 
Mutants for DME show a maternal gametophytic effect and phenotype similar to that of fis 
mutants. DME is expressed in the central cell prior to fertilization and diminishes shortly 
after fertilization and encodes for a DNA glycosylase that is required for transcriptional 
activation of MEA (Choi et at. 2002). It is thought that MEA might be silenced by default in 
the female gametophyte by the DNA-modifying enzyme MET 1 methyltransferase (Xiao et 
al. 2003) and becomes active in the central cell because of the action of DME, and that the 
restriction of DME expression to the female gametophyte prevents activation of paternal 
MEA allele transcription in the endosperm (Choi et at. 2002 and Dickinson and Scott 2002). 
Demeter of Cnidos, Goddess of Fertility and Mother of Corn. 
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DME does not appear to regulate FIS2 and FIE, suggesting that either MEA is the only 
genuinely imprinted FIS gene, or that FIE and FIS2 are imprinted by a different mechanism 
The FIS genes themselves may also regulate imprinting as paternal excess of the normal 
balance of maternal (m) / paternal (p) genomes (2mllp) can result in phenotypes similar to 
that observed in us seeds. Maternal excess results in precocious cellularisation of the 
endosperm and its reduced growth (Scott etal. 1998). 
1.4.5 The FIS genes encode Polycomb-group proteins 
1.4.5.1 FIE 
FIS31FIE is a single copy gene and shares homology (40% amino-acid sequence identity) 
with the Drosophila Polycomb-Group (Pc-G) gene EXTRA SEX COMBS (ESC) (Ohad et al. 
1999), which encodes a WD40 motif repeat protein. The WD domain typically contains a 
GH (glycine and histidine) dipeptide 11-24 residues from its N-terminus and a WD 
(tryptophan and aspartic acid) dipeptide at its C-terminus and is 40 residues long (hence the 
name WD40); between GH and WD lies a conserved core. The FIE sequence contains seven 
repeats of the WD40 motif (Ng etal. 1997) (figure 1.8A). The crystal structure of the model 
WD40 protein G (Sondek et al. 1996 and Wall et al. 1995) suggests that FIE folds into a 
propeller structure (figure 1.8B), consisting of seven blades, each comprising a twisted, four-
stranded n-sheet organised into a toroid (doughnut shape). Each WD40 motif contributes the 
inner 3 n-strands of one blade; the outer (4th)  strand is formed by more variable sequences 
following each WD motif n-propeller structures have diverse functions beyond 




FIE MS--KITLGNE 	 - SIVGSL 	- TPSN 	 - 19 
ESC NSSDY.VKNGNEPEESEESCGDESASYTTNSTTSRSF ------- SPSSSTRSNRR----------GEFST-NSRPF 57 
FIE ----KKSYcVTNRIQEGKK-PLYAVVFNFLDARFFD-VFVTGGNRITLYNCLGDGAISALQSYADEDKEESFYT 88 
ESC SPAAYKYDTHV---ENHGANIFGVAFNTLLG EPQVFATAGSNRVTVYECPRQCCt4QLLHCYADDDDEVFYT 129 
____WD1 	 _WD_'_  
FIE VSWACGVNGN-PYVAAGGVKGIIRVIDVNSETIHKSLVGHGDSVNEIRTQPLKPQLVITASKDESVRLWNVETGI 162 
ESC CWSYDLFTSSPLLATGYRGVIRVIDVEQNEAVGNYIGHGQIINEL1cFHPHKLQLLLSGSKDHAIRLIQSHV 204 
WD3_____________ 
FIE CILIFAGAGGHRYEVLSVDFHPSDIYRFASCGMDTTIKIWSM--KEFWTYVEKSFTWTDDPSK--FPTKFVQFPV 233 
ESC CIAILGGVEGHKDEVLSI DFNMRGD-RIVSSGMDHSLKLWCLNTPEFHHK:ELSNTFSQEKSTLPFPTVTKHFPD 278 
WD4________________ 
FIE F-TASIHTNYVDCNRWFGDFILSKSVDNEI LLWEPQLKENS-----PGEGSDVLLRYPVPMCDIWFIKFSCDLH 302 
ESC FSTRDIHRNYVDCVQWFGNFVLSFSCENAIVCWKPGQLHQSFEQVRPSDSSCTIIAEFEYDECEIWFVRFGFNPW 353 
WD5 	 WD6 
FIE LSSVAIGNQEGKVYWDLKSCPPVLI--TKLSHNQSFSVIRQTMSVDGSTILACCEDGTIWRWDVI_TK 	370 
ESC QKVIALGNQQGKVYVELDPSDPEGAHMTTLHNSRSVATVRQAFSR1JASVLVYVCDDATVWRWNPPQTTSI 425 
WD7 
 
Figure 1.8 Predicted FIE protein structure. a) Primary sequence alignment beteen 
ESC and FIE. b) The 7-bladed beta-propeller structure of the model WD40 protein, G, 
FIE is predicted to fold similarly. Figure taken from NCBI conserved domain database 
viewed with Cn3D 4.1 (http://www.ncbi.nim.nih.gov  /Structure/cdd/cdd.shtml). 
1.4.5.2 MEA 
Cloning and sequencing of MEA/FIS1 revealed structural homology to the Drosophila Pc-G 
protein ENHANCER (OF ZESTE) (E(z)) (Kiyosue et al. 1999). There are three main regions 
of homology between MEA and E(Z): the C-terminal SET domain, which is named after the 
three founding members of the protein-family in Drosophila: Suppressor of variegation 3-9 
[Su(var)3-9], E(z), and Trithorax (Trr); N-terminal to the SET domain lie two cysteine-rich 
regions consisting of the CXC domain and five additional highly conserved cysteine residues 
(figure 1.9). A major breakthrough in the Pc-G field was the recent identification of a 
biochemical function for the SET domain. The SET domain, along with the adjacent 
cysteine-rich regions confers histone-specific methyltransferase activity (Rea et al. 2000, 
Czermin et al. 2002). Such modification of histone tails plays an important role in regulating 
higher-order chromatin structure and gene regulation. 
The difference between the mea alleles in phenotype, discussed previously (in section 1.5) 
may be attributed to the fact that mea-] and mea-2 products are predicted to contain 
important domains upstream of the SET domain, whilst the mea-3 and mea-4 products are 
predicted to lack most, if not all of the protein domains required for Polycomb activity 
(Kiyosue et al. 1999). 
1.4.5.3 FIS2 
FIS2 is predicted to encode a Zinc finger transcription factor containing many repeats of 17 
and 22 amino acids and a VEFS-box (Luo et al. 1999). The VEFS-box was identified as a 
region of sequence similarity between the Arabidopsis proteins VERNALISATION (VRN2), 
EMBRYONIC FLOWER 2 (EMF2), and the Drosophila Pc-G protein SUPPRESSOR OF 
ZESTE 12 (Su(Z)12)(Birve et al. 200 1) (figures 1.10 and 1.11). The biochemical function 
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Figure 1.9 Drosophila protein E(Z) showing regions of homology with the Arabidopsis homologues, CLF and MEA. Not drawn to 
scale. There are three main conserved regions: the C-terminal SET domain, which is named after the three founding members of the protein 
family in Drosophila: Suppressor of variegation 3-9 fSu(var)3-9J, E(z), and Triihorax (Trx). N-terminal to the SET domain lie two 
cysteine rich regions consisting of the CXC domain and five additional highly conserved cysteine residues (C 5). Numbers show percentage 
of amino-acid conservation. Protein lengths in amino acids are shown on the left. 
VRN2 	 I 	1 445 
SU(Z)12 	 1 	 900 
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Figure 1.10 The FIS2 protein family. Adapted from Gendall et al. CELL. 107 (4): 525-535 (2001). Protein lengths in amino 
acids are shown on the right. Regions showing similarity shaded in grey. The zinc finger motif is indicated in jade, and positions 
of putative NI-Ss/clusters of basic residues indicated in blue. The position of the VEFS box is shown in green. The 22 amino acid 
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Figure 1.11 FIS2 Phylogenetic tree. Generated using Clustal W (Thompson et al. 1994). 
1. 4.6 A fourth FIS gene: MSI1 
Recently, Khöler et at. (2003) identified a fourth mutant, ms/l, displaying phenotypes 
similar to fie, mea, and fis2. MSJJ encodes a WD-40 protein that is widely conserved in 
eukaryotes and participates in various complexes involved in chromatin dynamics. Members 
of this family include p55, a subunit of the protein complex CHROMATIN ASSEMBLY 
FACTOR (CAF-1) involved in histone loading in Drosophila (Tyler et at. 1996), the 
retinoblastoma-associated proteins RbAp46 and RbAp48 in vertebrates (Qian and Lee 1995, 
Nicolas et al. 2000), CAC3p in Saccharomyces cerevisiae (Kaufman et at. 1997), and UN-
53 in Caenorhabditis elegans (Lu and Horvitz, 1998). 
Arabidopsis has five MSIi -like genes (MSIi-5) (Ach et at. 1997, Kenzior and Folk 1998, 
Hennig et at. 2003), but only ms/i has been well characterized. ms/i mutant gametophytes 
initiate endosperm development in the absence of fertilization, and plants heterozygous for 
null ms/]alleles show a seed abortion ratio of 50% with seeds aborting when the mutant 
allele is maternally inherited, irrespective of a paternal wild type or mutant MSIi allele 
(KhOler et at. 2003). MSIJ is thought to have an additional role in the adult plant as reducing 
MSI 1 levels by co-suppression causes ectopic expression of floral homeotic genes and 
strongly interferes with cellular differentiation in seedlings and adult plants (Hennig et at. 
2003). 
1.4.7 Targets of the FIS genes 
Transcriptional profiling of mea and fie mutants carried out by Köhler et at. (2003) has 
identified a possible direct target for the FIS products (Köhler et at. 2003). One of the genes 
that showed elevated expression levels in both mea and fie mutant seed encodes a novel 
MADS-box transcription factor, subsequently named PI-IERES 1 (P1-IF 1). To confirm the 
micro-array results, PHE] expression was characterised by in situ mRNA localisation and 
P1-IF: :GUS reporter gene studies. These revealed that PHE1 is not expressed in the wild 
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type female gametophyte, but is present in the early embryo and endosperm shortly after 
pollination and is restricted to the CZE later in development. In Jis mutants unlike wild type, 
expression was also seen in unfertilized embryo sacs in the central cell 3 days after 
emasculation, correlating with autonomous endosperm development. After fertilization 
PHE] expression is stronger and more extensive in mea/fle mutants that in wild type, 
consistent with the micro-array results. KOhler et al. (2003) also demonstrated that FIE and 
MEA proteins are associated with the PHEJ promoter region, suggesting that PHE] is a 
direct target of FIE and MEA. Expression of an antisense PHEJ transgene, driven by the 
MEA promoter resulted in PHE] downregulation and subsequent rescue of mea seed. The 
rescued seed were larger than wild type, remained green longer, and showed reduced 
tolerance of desiccation (KOhler et al. 2003). These results suggest that the lethality of the 
JIs mutants is in part due to mis-regulation of PHE] in early seed development, and that 
PHE] probably affects endosperm proliferation given the correlation of expression in the 
central cell with autonomous endosperm development. 
j Polycomb-group genes 
1.5.1 Epigenetic control during development 
Building a multicellular organism is a highly complex process, whereby the differentiation 
and organisation of cells into tissues and organs is not only achieved by following a 
prescribed genetic program; there is a lot of communication between parts of the organism, 
and the environment can also influence the developmental process. Plants differ from 
animals in that organgenesis is continuous and not restricted to the embryonic stage. Also, 
the body plan is not pre-determined, but can flexibly change according to the interactions of 
the organism with its environment, and is strongly influenced by external stimuli such as 
light and nutrients. 
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Regulation of development in both plants and animals is achieved at many levels to ensure 
the correct spatial and temporal expression of developmental genes such as the homeotic 
genes that control developmental patterning and regional identity. The first level of 
regulation is at transcription, for example, through chromatin structure and remodelling to 
alter accessibility of cis-acting control regions to the transcriptional machinery and 
associated factors, and the composition and availability of the transcription factors that 
recruit the transcriptional machinery to the proximal promoter. Chromatin remodelling can 
involve the non-covalent modification by ATP-dependent remodelling factors that influence 
DNA/nucleosome contact; or can involve covalent modifications of histone tails (including 
acetylation, phosphorylation, methylation, and ubiquitination), all of which can affect gene 
activity by allowing or obstructing the transcription factors or the basal transcriptional 
machinery access to the cis—acting regulatory regions. DNA methylation can also result in 
chromatin remodelling, as factors that specifically bind mC pG can then recruit chromatin 
remodelling factors. Furthermore, it has been shown that transcriptional gene silencing in 
Drosophila requires functional RNAi machinery,  originally identified for its requirement in 
post transcriptional gene silencing (PTGS) (Pal-Bhadra 2002). This suggests further 
complexity, for example PTGS may be a trigger for transcriptional gene silencing. In plants 
and animals, epigenetic modifications such as chromatin structure or DNA methylation 
allows for mitotically and/or meiotically heritable yet reversible changes in gene expression 
without changes in DNA sequence. This reversibility is important as epigenetic marks can 
be erased and reset during gametogenesis resulting in a totipotent zygote. Regulation of 
gene expression also occurs post-transcriptionally, for example, through the processing and 
stability of niRNA, by translational control, or via protein processing and trafficking. 
During development, the stable maintenance of expression patterns of homeotic genes is 
critical for cell fate specification to occur correctly (Bowman et al. 1989, Coen et al. 1991, 
Lawrence et al. 1994). The regulation of homeotic gene expression has been best studied in 
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Drosophila where expression patterns are initially set up by the gap and pair-rule proteins. 
However, these proteins are only transiently expressed, and disappear after about 4 hours 
following  fertilization (Lawrence et al. 1994). The continued correct expression of the 
homeotic genes requires a further two groups of genes; the trithorax-group (trx-G), which act 
to maintain expression in those cells where the homeotic genes have been turned on, and the 
Polycomb-group (Pc-G), which act to maintain transcriptional repression of the homeotic 
genes where they have been initially turned off (Pirrotta 1998). However, this classification 
may be oversimplified as some Pc-G proteins behave as activators in certain contexts 
(LaJeunesse 1996). Cell memory is regulated by a balance between these repressors and 
activators, allowing the transcriptional status to be maintained. In polycomb mutant embryos 
the initial specification of homeotic gene expression is normal, but in later stages of 
embryogenesis and adult development, ectopic expression of the homeotic genes occurs once 
gap and pair-rule factor expression diminishes (Orlando et al. 1998). Maintaining the 
repression initiated by the gap and pair-rule factors is thought to be achieved by the 
formation of a Pc-G complex that modulates chromatin structure to create a repressed state 
(Pirrotta 1998). It is thought that both Pc-G and TrxG complexes bind to specialised, 
switchable modular DNA elements called Polycomb response elements (PREs) and core 
promoters maintaining repression over a wide region (Pirrotta 1998, Lyko and Paro 1999). 
However, in mammals and plants no PRE-like DNA elements have yet been defined. 
In Drosophila more than 15 Pc-G genes have been characterised, and encode proteins that 
are in most cases structurally unrelated. Different Pc-U members have been shown to 
associate in multimenc protein complexes. Recently, two distinct functional core groups 
have been distinguished; PRC1 (Polycomb Repressive Complex 1) (Shao et al. 1999) a -.3 
MDa complex containing Polycomb (Pc), Posterior sex combs (Psc), polyhomeotic (ph), sex 
combs on midleg and several other proteins, and a functionally separate 600KDa complex, 
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PRC2 (Polycomb Repressive Complex 2) that contains Extra Sex Combs (ESC) 
(homologous to FIE), Enhancer of zeste (E(z)) protein (homologous to MEA), Su(z) 12 
(homologous to FIS2), Pleiohomeotic (PHO), P55, and the histone deacetylase RPD3, (Tie 
et al. 1998 and 2001, MUller et al. 2002, Orlando 2003). However, the compositions of the 
core PRCs differ amongst cell types and extensive changes in compositions occur during the 
embryonic development of cells (Otte and Kwaks 2003). 
1.5.2 ESC and E(z) 
The WD40 Pc-G gene ESC is distinct from other Pc-G genes given that it is expressed and 
required during early embryogenesis only, unlike the other Pc-G genes, which are required 
persistently. This suggests a possible involvement for ESC in the initiation of silencing, 
perhaps by recruiting other Pc-G members into repressor complexes on DNA (Simon et 
al. 1995). ESC has been shown to directly interact with the Pc-G SET domain protein E(Z) 
(Tie et al. 1998) and a phosphorylated form of ESC preferentially associates with E(z) in vivo 
(Ng et al. 2000). It is thought that the formation of an ESC-E(Z) complex at PREs is an 
essential prerequisite for the maintenance of silencing. It has been shown that the E(z) SET 
domain methylates histone H3 at K9 and K27, with a strong preference for the latter (Cao et 
al. 2002, Czermin et al. 2002, Kuzmichev et al. 2002, Miller et al. 2002). It is thought that 
the E(z)-ESC complex acts in the early embryo in combination with the cell fate 
determination system, and that the specific H3 K27 methylation marks the target site for 
binding of the long-term memory PRC1 complex via Pc (Orlando 2003). The PRC1 
complex is thought to act in a non-catalytic fashion by occluding TrxG proteins. 
Interestingly, plants do not appear to possess an equivalent long-term memory complex, 
perhaps reflecting the plasticity of plant development compared to animal development. For 
example, in plants Pc-G repression has to be released at some point during normal 
development in the response to certain stimuli that allows progression throughout the life 
cycle, such as fertilization or flower induction. 
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1.5.3 The ESC/E(z) Partnership Shows Striking Evolutionary Conservation 
As well as homologues in Arabidopsis, E(z) and ESC are conserved throughout the plant 
(Springer et al. 2002) and animal kingdoms. The mammalian orthologues of E(z) and ESC 
have been identified and termed Enx]/EZH2 and EED respectively (Schumacher et al. 1998, 
Sewalt et al. 1998); they are implicated m multiple processes including early embryonic 
patterning, HOX gene regulation, and hematopoiesis (Lessard et al. 1999, O'Carroll et al. 
2001, Schumacher et al. 1996). Mouse ESC and E(z) homologues associate with the 
inactive X chromosome in trophoblast stem cells, suggesting a direct role in X-inactivation 
(Mak et al. 2002, Wang etal. 2001). 
In fact, vertebrates contain homologues representative of all the Pc-G members so far 
characterised in Drosophila. However, to date the only Pc-G genes found in C. e!egans with 
homology to the Drosophila genes are the E(z) and ESC orthologs MES-2 and MES-6 
(Holdeman et al. 1998, Kelly et al. 1998, Seydoux et al. 1999). The MES genes (Maternal 
Effect Sterile) were first identified in screens for maternal-effect mutations that result in 
sterile offspring. The normal nuclear localisation of MES-2 requires wild type MES-6 
function and vice versa, supporting the hypothesis that the MES-2 and MES-6 proteins may 
function as a complex (Holdeman et al. 1998, Kelly et al. 1998, Seydoux et al. 1999). 
Whereas in both Drosophila and mammalian systems the E(z)/ESC complex acts in anterior-
posterior patterning in the soma, in nematodes these proteins are primarily involved in 
gem-dine proliferation and transgene silencing in the germline, and have little effect on the 
soma. 
EED has been shown to interact both in vitro and in vivo with histone deacetylase (I-[DAC) 
proteins (van der Vlag et al. 1999). Acetylation of histones is correlated with transcriptional 
activity, whilst deacetylation is associated with inactive genes. The histone deacetylase 
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inhibitor trichostatin A relieves transcriptional repression mediated by EED. This supports 
the idea that deacetylation of histories by HDACs and the recruitment of EED to the HDAC 
proteins (or recruitment of 1-IDACs to EED) may be among the initial repressive events 
during embryogenesis that eventually lead to stable and heritable Pc-G mediated repression 
of target genes. 
The ESC/E(z) partnership is therefore widely conserved, appearing in mammalian, 
Drosophila, C. elegans, and Arabidopsis systems. Although distinct developmental roles 
can be seen between the species, the partnership between the two proteins as repressors at 
the level of chromatin appears to be conserved. The ESC and E(Z) proteins are more widely 
conserved than other members of the Drosophila and vertebrate Pc-G (Holdeman et al. 1998 
and Korf et al. 1998) suggesting that these two proteins are of more ancient origin than other 
Pc-G proteins. Because plant and animals are thought to have evolved multicellularity 
independently, an ancient Pc-G-dependent mechanism for chromatin modification has been 
recruited to independent developmental processes in the two kingdoms. 
j Pc-G genes in Arabidopsis 
So far three groups of Pc-G proteins with distinct biological functions have been identified in 
Arabidopsis. The first group consists of the FIS genes that act during seed development 
described previously. The second group includes CURLY LEAF (CLF) and EMBRYONIC 
FLOWER2 (EMF2), which act to control aspects of floral induction and floral 
organogenesis. The third group is required for the vemalisation response, an acceleration of 
flowering that occurs following long periods of cold treatment. 
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1.6.1 The Arabidopsis CLF, CLK and EMF genes repress flowering 
Arabidopsis flowers contain 4 concentric whorls of organs: sepals, petals, stamens, and 
carpels (whorls 1-4 respectively). The identity of each whorl is determined by the specific 
combination of homeotic genes expressed (figure 1.12) (Coen and Meyerowitz 1991, Weigel 
and Meyerowitz 1994). Most of the floral homeotic genes encode putative transcription 
factors that share a highly conserved motif called the MADS-box. In the revised ABC 
model, the combination of class A, B and SEP functions specify petal identity. The 
combined class B, C and SEP activities specify stamen development; and the presence of the 
AGAMOUS (AG)/SEP complex in whorl 4 is required for the specification of carpel fate. 
Sepal identity is thought to be specified through the complex of the class A proteins and 
other yet unidentified factors (Goto et al. 2001). In this model A and C functions are 
mutually antagonistic; in the absence of the C activity it is predicted that class A function 
expands into whorl 3 and 4, and likewise in the absence of class A function, the C function 
becomes active in all 4 floral whorls. 
A recessive mutation, designated curly leaf (cif) (Goodrich et al. 1997) 
was identified during transposon mutagenesis and conferred a phenotype with striking 
similarity to those of transgenic plants in which the homeotic C-function AG gene was 
constitutively expressed (Mizukami and Ma 1992 and 1997). Ectopic expression of AG in 
the two outer floral whorls results in homeotic transformations of the floral organs in these 
two whorls. The ectopic expression of AG in cif flowers occurs late in floral development, 
after the onset of AG expression in whorls 3 and 4 (Goodrich et al. 1997). This would 
suggest that the wild type CLF protein is not required for setting up the initial AG expression 
pattern. Interestingly, the CLF protein shows extensive homology to the Drosophila Pc-G 
protein E(Z) (figure 1.9). Thus, CLF seems to perform a similar function to animal Pc-G 
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Figure 1.12 The ABC model for specification of floral organ identity. Three overlapping 
homeotic functions (A, B and C) specify floral organ identity. The combinations of 
functions active in a whorl specify its identity, e.g. AB specifies petal. A-function genes 
API and AP2 are expressed in whorls I and 2, B-function genes AP3 and P1 in whorls 2 and 
3, and C-function gene AG whorls 3 and 4. SEP11213 function in whorls 2-4. API 
(APETA LA 1), AP2 (APETALA2), AP3, (APETALA3), P1 (PISTILLATA), AG (AGAMOUS'), 
SEP1-3 (SEPALLATA1-3), SE (SEPALS), PE (PETALS), ST (STAMEN), CA (CARPEL). 
Adapted from Wolpert etal. Principles of Development. Current Biology Limited (1998). 
proteins, acting to maintain, rather than set up homeotic gene expression patterns in flowers 
(Goodrich et al. 1997). 
The CURLY LEAF-LIKE 1 (CLK1)/ EZA1 protein shows very high sequence and structural 
homology to CLF. As well as their expression patterns being very similar,  double mutant 
analysis reveals a synergistic enhancement of the single mutant phenotypes, suggesting that 
the two genes may be functionally redundant (YChanvivattana, unpublished). The 
EMBRYONIC FLOWER (EMF) genes EMF 1 and EMF2 are required to maintain vegetative 
development and repress flower development. Loss-of-function mutations in these genes 
cause Arab idopsis to flower directly, bypassing vegetative shoot growth. These mutants 
show a progressive increase in the expression of flower organ-specific genes (Moon et al. 
2003). FJ4F1 encodes a novel protein that is predicted to be a transcriptional regulator 
(Aubei-t et al. 2001). EMF2 encodes a zinc finger protein similar to FIS2 and the Drosophila 
protein Su(z)12 (Yoshida et al. 200 1) (figure 1.10). 
1.6.2 The Arabidopsis Pc-G gene VRT%12 mediates the vernalisation response 
The Pc-G gene VERIJALISATION2 (VRN2) encodes a zinc finger transcription factor similar 
to FIS2, FJ4F2 and Su(z)J 2 (figure 1.10). VRN2 was isolated in a screen for mutants that do 
not respond to vernalisation (a period of prolonged exposure to cold temperature that 
accelerates flowering in temperate biennial plants such as Arabidopsis). Although 
vernalisation occurs at the seedling stage, the transition to flowering happens several weeks 
later. So the plant needs to remember the stimulus at a later stage in development. 
Therefore, an epigenetic basis has been proposed for the cellular memory mechanism to 
explain the vemalisation response. This is thought to involve a Pc-G complex containing 
VRN2, which targets the MADS-box gene FLOWERING LOCUS C (FLC). In a late 
flowering fca mutant background, cold treatment results in stable repression of FLC. Plants 
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with mutations in VRN2 lose the ability to maintain the repressed state of FLC expression 
after cold treatment. 
Together, these findings suggest that Pc-G function may be conserved in plants as well as in 
vertebrates and insects. However, as the targets in plants are MADS box transcription 
factors, not homeobox (as in animals) it seems possible that Pc-G members have acquired 
independent target genes during plant evolution. There is also a further distinction in that so 
far, the Pc-G gene CLF appears to act specifically on AG and AP3, VRN2 on FLC and MEA 
on PHERES], while the Drosophila counterparts regulate expression of around 100 targets 
genes (Goodrich et al. 1997). 
j A role for FIE beyond seed development 
FIE, unlike the other FIS members is a single copy gene that is expressed persistently, 
raising the possibility that it is required beyond seed development. Consistent with this, 
Kinoshita et al. (2001) rescuedfie seed viability by using a modified FIE promoter (pFJE) to 
drive FIE cDNA expression. However, the transgene expression did not recapitulate the 
wild type pattern of FIE RNA accumulation, thought to be because of a requirement for 
additional regulatory sequences. Transgenic pFJE: :FIE-GFP plants showed GFP 
fluorescence in the central cell nucleus before and after fertilization, which disappeared by 
the eight-nuclei endosperm, and could not be detected at any later stage of plant 
development. Transgenic fie seed bypassed normal fie lethality, and the resulting seedlings 
were smaller than wild type, did not produce normal rosettes, and the seedling shoot apical 
meristem (SAM) showed premature flowering reminiscent of emJ2 mutants, and 
inappropriate formation of shoots and flower-like structures along the root and hypocotyl. 
These plants demonstrated ectopic expression of the floral meristem identity genes LFY 
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(LEAFY) and API and the floral organ identity genes AG and P1 in embryos and seedlings 
(Kinoshita et al. 2001). These results suggest that FIE represses the transition to flowering 
during embryo development and early during vegetative development when the plant 
normally produces rosette leaves but no infloresences or flowers. 
1.8 Summary and objectives 
In plants and animals, cell identity is maintained by epigenetic changes that prevent changes 
in cell type specific transcription programs, like for example the specific combinations of 
homeotic gene activities that specify regional fate during development. Central to the cell 
memory machinery are the Polycomb-Group (Pc-G) genes. The Arabidopsis Pc-G genes 
FIE, FJS2 and MEA are required for ovule and seed development. These three genes confer 
similar mutant phenotypes in both unfertilized embryo sacs and developing seeds; that is, 
fertilization-independent endosperm proliferation and the abortion of fertilized seeds that 
carry a maternally inherited mutant mea, fis2, orfie allele. The common mutant phenotype 
could be explained by the three FIS wild type gene products acting in a common pathway, 
whereby one gene activates the expression of another to regulate seed development. 
Alternatively the three FIS proteins may act as part of a multimeric complex similar to that 
observed with their animal homologues. It has recently been shown that the FIS proteins 
belong to one such large complex (Köhler et al. 2003), which may include proteins 
possessing specific DNA-binding activity to target the complex to its target gene(s) (e.g. 
PHE]). 
In situ hybridisation data (Spillane et al. 2000) show that during early seed development 
following fertilization, FIE is expressed in both embryo and endosperm. Aborting fie seed 
show defective endosperm and embryo. During seed development the embryo relies on the 
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endosperm for nourishment and signals. The embryo arrest could therefore be a secondary 
result of effects on the endosperm. Occasionally, mea/mea or J1s2/J1s2 plants are observed, 
but never fie/fie, suggesting either an additional role for the FIE product in the embryo, or 
that mea and j1s2 are less severe due to redundancy with related genes. Therefore, although 
FIE is expressed in both zygotic tissues, it is difficult to define its functions in each. 
The aims of this project were therefore to test whether MEA, FIE, and FIS2 proteins have 
the potential to interact by performing yeast two-hybrid assays and to identify novel factors 
interacting with FIE that could function in DNA targeting by carrying out a yeast two-hybrid 
screen using FIE as bait. And thirdly, in order to establish the requirement for FIE in the 
embryo and endosperm, a strategy for targeting expression of FIE to specific time phases or 
regions in the seed was employed. 
Chapter 2. Materials and Methods 
2.1 Plant Materials 
2.2 DNA Analysis 
2.3 Yeast 2-Hybrid Analysis 
Li. In situ Hybridisation 
2.5 Microscopy 
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Chapter 2. Materials and Methods 
2.1 Plant Materials 
2.1.1 Arabidopsis thaliana stock lines 
clf-2 line 
The strong clf-2 mutant (Landsberg erecta (Ler) ecotype) is derived from a transposon 
mutagenesis experiment (Long et al. 1993). 
clf-50 line 
The null clf-50 line confers a severe cif phenotype. This allele was identified in a T-DNA 
mutagenesis experiment in a Wassilewskija (Ws) ecotype, donated by Dr. E Huala. 
fie-2 line 
In this mutant a G residue is changed to an A residue at the border of the third intron and is 
consequently thought to disrupt the splicing reaction (Ohad et al. 1999) in ecotype Lansberg 
erecta (Ler). 
Enhancer trap lines 
Enhancer trap lines 9194, 9185, and k22 (ecotype C24) expressing GAL4-VPJ6 and 
UAS::mGFP5 were generated by Jim Haseloff and colleagues. 
Salk lines 
Salk lines 017005 and 061267 (Columbia) carrying a T-DNA insertion at the RAP-] locus 
were generated by the Salk Institute Genome Analysis laboratory (SIGnAL) and obtained 
from the Arabidopsis Biological Resource Centre (ABRC). 
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2.1.2 Plant growth conditions and pollination 
1. Seed Sterilisation 
Vapour method 
Three ml of hydrochloric acid was added to 1 OOml of concentrated sodium hypochiorite 
solution to generate chlorine gas in a sealed chamber. The seed were then treated for 8-16 
hours. 
Liquid method 
Seeds were washed in 20m1 concentrated sodium hypochlonte solution, 20ml dI -120, one 
drop of tween for two minutes, followed by 70% ethanol for five minutes.  The seeds were 
then rinsed twice in sterile dH 20. 
After sowing, imbibed seeds were stratified by keeping at 4 °C for 3-5 days to promote and 
synchronise germination. 
i! Growing Arabidopsis on soil 
Plants were grown on a 3:1 mixture of Levingston's compost: grit in a greenhouse, under 
long days, or under short or long day photoperiod at 23°C in growth rooms. 
iii. Growing Arabidopsis on tissue culture plates 
Sterilised seed were sown on petri-dishes containing 1% agar, 4.604g/l MS salt (Sigma), 
lOg/l glucose, bOg mg/l inositol, and 0.5gfl MES pH 5.7. Marker selection was made by 
adding appropriate antibiotics (50 tg/ml kanamycin or Hygromycin-B). Seedlings were 
transferred onto soil after 2-3 weeks. 
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iv. Cross-pollination 
Female parents were emasculated by removing immature anthers from floral buds. 
Pollination was carried out the next day on open flowers by smearing pollen from the anthers 
of the male parent onto the mature stigma of the emasculated female flowers. 
2.2 DNA Analysis 
2.2.1 Isolation of DNA 
i. Isolation of Plant DNA 
Alkali lysis method for PCR analysis 
A small piece (3mm2) of rosette or young cauline leaf was put in an eppendorf tube 
containing 50j.tl 0.25M sodium hydroxide. The tube was boiled for 30 seconds after which 
50pi of 0.25M hydrochloric acid and 25 p1 of 0.5M Tris-HC1 pH8.0 was added and the tube 
and boiled for a further 2 minutes. The tissue was then used directly in PCR reactions. 
Small-Scale Genomic DNA Extraction for PCR Analysis 
0.5 ml CTAB extraction buffer containing 100 mM Tris-HC1 pH 8, 1.4 M NaCl, 20 MM 
EDTA, 2% (w/v) CTAB and 0.2% 2-mercaptoethanol (Rogers and Bendich, 1985) was 
heated to 60°C. 1-2 leaves (rosette or young cauline), which had previously been ground in 
liquid nitrogen, were added and the mixture incubated at 60°C for 20-30 minutes. Proteins 
were extracted by addition of 5 ml of chloroform. The organic phase was separated by 
centrifugation (13,000 rpm for 15 mm). The top (aqueous) layer was removed and the DNA 
precipitated by addition of 2/3 volume of isopropanol. DNA was collected by centrifugation 
(13,000 rpm, 15 mm), washed in 70% (v/v) ethanol, left to air dry and dissolved in TE buffer 
(10 mM Tris—HC1 pH 8 and 1 mM EDTA pH 8). 
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Large-Scale Genomic Extraction for Southern Analysis 
5-10 leaves were ground into a fine powder with a pre-cooled pestle and mortar in liquid 
nitrogen. The tissue was then transferred into a chilled eppendorf tube containing 500il 
extraction buffer (50mM EDTA, 0.1M NaCl, 0.1M Tris-HC1 pH8, 1% SDS). An equal 
volume of phenol/chloroform was added and the sample vortexed, left on the bench for 5 
minutes, vortexed again and centrifuged at 13,000 rpm for 5 minutes. The aqueous phase 
was transferred to a clean tube and the phenol/chloroform extraction step was repeated. 
DNA was precipitated by adding 50il 3M sodium acetate pH5.5 and 3501.tl isopropanol. 
The DNA was pelleted by centrifuging at 13, 000 rpm for 5 minutes, then rinsed with 70% 
ethanol, air-dried and resuspended in 50pJ TE solution. One third of the DNA extracted was 
used for Southern analysis. 
. Isolation of Bacterial Plasmid DNA 
E. coil plasmid DNA extraction 
Single colonies were inoculated in independent 5ml LB medium (1% tryptone, 0.5% yeast 
extract, 1% NaCl) containing the appropriate antibiotic. Cultures were incubated overnight 
at 37°C with constant agitation. The next day bacterial cells were harvested from 1.5m1 of 
culture in an eppendorf tube by centrifugation at 13,000 rpm in a microcentrifuge for 1 
minute. Cells were then resuspended in a 100.tl GTE solution (50mM glucose, 25mM Tris-
HC1 pH 8, 10mM EDTA, 100.tg/ml Rnase A). To lyse the cells 20041 0.2M NaOHJ1%SDS 
solution was added and the tubes were inverted several times to mix the solutions. This was 
followed by adding 150.tl ice-cold 3M KOAc pH 4.8 and repeated inversions to mix. After 
centrifugation for 5 minutes at 13, 0 00rpm in a microcentrifuge, the clear supernatant was 
carefully transferred into a fresh eppendorf tube containing lml of ethanol. After mixing by 
inverting the tubes several times, the DNA was pelleted by centrifugation for 5 minutes at 
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13,000rpm in a microcentrifuge, washed in 70% ethanol, air-dried and resuspended in 50j.tl 
TE. 
Agrobacterium plasmid DNA Extraction 
Single colonies were inoculated into 5 ml of LB containing appropriate antibiotics, and then 
incubated shaking at 28°C until culture reached stationary stage (overnight to 3 days). 
Bacterial cells were harvested from 1 .5ml of culture in an eppendorf tube by centrifugation 
at 13,000 rpm in a microcentrifuge for 1 minute then resuspend in lOOp.l lysis buffer (50mM 
Glucose, 25mM Tris-CI pH 5.8,10mM EDTA, 4mgm1 1 Lysozyme) and incubated at room 
temperature for thirty minutes. Then 200il 0.2M NaOHI1% SDS solution was added and 
mixed by gentle shaking, and incubated at room temperature for 10-30 mm. Then 1 SOpi of 
cold 3M NaOAc, pH 4.8 was added and mixed by shaking and the tube was incubated on ice 
for 5 minutes. The tubes were then centrifuged for 5 min in a microcentrifuge at 13,000rpm. 
The supernatant was transferred to a fresh tube containing 0.7 volumes isopropanol and 
mixed. The DNA was then pelleted by centrifugation at 13,000 rpm for five minutes, 
washed with 70% ethanol and resuspended in 1 01.tlTE. 
2.2.3 Restriction Analysis of DNA 
DNA was digested in 20p1 reactions containing [1X] appropriate restriction buffer and 
3 .Sunits4tg substrate DNA of the corresponding enzyme as supplied by the manufacturers. 
The samples were incubated for 60-180 minutes at 37 °C or temperature recommended by 
manufacturers. Genomic DNA for Southern analysis was digested in [1X] restriction buffer 
containing 1mM spermidine for at least six hours at 37 °C. 
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2.2.4 DNA Gel Electrophoresis 
Electrophoresis was performed in agarose gels submerged in TBE (2.5mM EDTA, 90mM 
boric acid, and 90mM Tris-HC1 pH8.0). Gels were cast 4-8mm thick to determine the size 
and presence of DNA and to separate DNA fragments for purification. Gels used were 0.65-
2.5% agarose (Bioline) in TBE. Loading buffer (0.0025% bromophenol blue, 0.0025% 
xylene cyanol and 0.25% ficoll type 400) was added to the DNA samples to be loaded. 
Electrophoresis was carried out at 8 volts/cm for 1-3 hours. For southern blot analysis 
digested genomic DNA was run in 0.7% agarose gels at 1-2 volts/cm for 20-72 hours. Gels 
were stained in ethidium bromide (10.ig/m1) for 20-30 minutes and the DNA was visualised 
under UV light. 
2.2.5 Purification of DNA from Agarose Gels 
The desired DNA fragments were identified using a low energy UV transilluminator before 
being excised from the agarose gel using a clean scalpel. DNA was then extracted and 
purified using the Qiagen QlAquick extraction kit or the QIex extraction kit as described in 
the corresponding manufacturer's manuals. 
2.2.6 Southern Hybridisation 
A Digoxygenin labelled probe was used for salk_06 1267 (rap-1-2) DNA, and a 32pCTP-
labelled radioactive probe for salk_0 17005 (rap-i-i), spanning the full-length RAP-] cDNA. 
Radiolabelling of DNA probe 
The DNA fragment (SOOng) was added to 60ng random hexamer primer, boiled for 2 
minutes, spun briefly and put on ice. A labelling mix was added containing 5mM Tris-HC1 
pH6.9, 1mM MgSO4 , lOp.M dithioreitol, 6 1iM dATP, 6 tM dTTP, 6 p.M dGTP, 50 j.tCia32-
P dCTP and 5 units of DNA polymerase I (Klenow fragment, Roche Scientific) in a 20 111 
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reaction. The reaction was incubated for at least 1 hour at room temperature. To separate 
the probe from unrncorporated nucleotides, the reaction mix was applied onto a imi 
Sephadex G50 column followed by the addition of 180 p.1 TE pH8.0 and 20pJ lox NT dye 
(1% Dextran Blue, 0.1% Orange G). The blue fraction containing the longer probe 
fragments was collected and heated at 100 °C prior to hybridisation to denature the probe. 
L Southern Hybridisation with Digoxygenin-Labelled probes 
Digoxygemn probe labelling 
A 50p.l PCR reaction was set up containing 0.5 p.1 of primerl [0.5 p.g/p.l] (m13 forward) and 
primer2 (m13 reverse), 5 p.! Boehringer PCR digoxygenin labelling mix (2mM dATP, 2 mm 
dCTP, 2mM dGTP, 1.3 mM dTTP, 0.7 mM alkali-labile DIG-i 1-dUTP, pH 7.0), lx PCR 
buffer (Boehringer), 2ng/p.l template DNA (pGemTeasy —299 to +2029 (relative to ATG)) 1 unit 
of Taq polymerise, and made up to 50 p.1 with dI-I20. 
Hybridisation 
Ethidum bromide-stained gels were soaked in 0.25M HCL with gentle agitation for 15 
minutes to depurinate large DNA fragments and aid DNA transfer during blotting. This was 
followed by a 30-minute wash in denaturation solution (0.5M NaOH, 1.5M NaCl) and two 
15-minute washes in neutralization solution (0.5M Tris-HCL pH7.2, 1.5M NaCl, 1mM 
EDTA). DNA was transferred onto Hybond-N (Amersham) Nylon membrane on a wick 
platform with 20 x SSC (1M NaCl, lOOmIVI sodium citrate) as the transfer buffer. After 15-
20 hours of transfer, the filters were washed briefly in 2 x SSC solution, air-dried then UV 
cross-linked (40J/cm 2) to fix the DNA onto the membrane. Before hybridisation, the filters 
were incubated at 65 0C in 70m1 of hybridisation buffer (5 x SSC, 0.02% SDS, 0.1%N-lauryl 
sarcosine and 1% (w/v) dry milk) for two hours. The solution was then replaced with 30m1 
of fresh hybridisation solution containing the denatured digoxgenin labelled probe. 
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Hybridisation was carried out overnight at 65 °C with gentle shaking. The filter was then 
washed twice at room temperature in 2 x SSC, 0.1% SDS, followed by two washes in 0.5 x 
SSC, 0.1% SDS for 15 minutes at 68 °C. The filter was then incubated in blocking solution 
(lOOmIVI maleic acid, 150mM NaCl pH 7.5 1% w/v blocking powder) for one hour at room 
temperature. The blocking solution was then replaced with 20m] fresh blocking solution 
containing 2gl antiDlG AP Fab antibody, and incubated at room temperature for 30 minutes. 
The filter was then washed twice for 15 minutes  at room temperature in 100mM maleic acid, 
l50mlM NaCl pH 7.5 0.3% tween. The filter was then equilibrated in detection buffer 
(100mM Tris-HCI pH 9.5, 100mM NaC1) for 3 minutes at room temperature. The filter was 
then soaked in chemiluminescent substrate solution (20j.tl CSPD in 2ml detection buffer), 
and sealed in a bag and incubated at 370C for 10 minutes before exposure to X-ray film for 
20 minutes to 16 hours. 
2.2.7 Preparation of DNA Samples for Sequencing 
DNA sample (40ng/lkb) was mixed with dH20 to a volume of 4.4 p.1 in a PCR tube. To 
each tube was added 1.6 p.1 of 1 p.M sequencing primer and 4 p.1 of BigDye TM v3.0 
sequencing mix (ABI PRISM). PCR was then performed using the following cycles: 
96°C for 30 seconds 
96°C for 30 seconds 
50°C for 15 seconds - 25 cycles 
60°C for 4 minutes _J 
The extension products were then transferred to an eppendorf tube and DNA was 
precipitated by adding 1 p.1 3M sodium acetate pH5.5 and 25 p.1 ethanol. The tube was 
incubated on ice for 10 minutes then centrifuged for 15 minutes at full speed. The DNA was 
washed in 70% ethanol before being air-dried. The samples were analysed on an AB1377 
sequencer by Jill Lovell (ICAPB). 
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2.2.8 Polymerase Chain Reaction (PCR) 
PCR reaction 
The PTC-200 DNA engine (MJ Research) was used to carry out the PCR reactions. A 
typical 50.ti reaction contained approximately 50ng of template DNA, 1X PCR buffer (1mM 
Tris-HCI, 1.5mM MgCl 2, 50mM KC1, pH8.3), 0.4 p1 each of forward and reverse primer 
(100mM), 200 p.M of each dNTP, and 0.2 units of Taq DNA polymerase. Reactions were 
preheated to 94°C before the polymerase was added. PCR was then typically performed 
using the following cycles: 
94°C denaturation for 2 minutes 
94°C denaturation for 2 minutes 
55 °C-65°C annealing for 30 seconds 30-40 cycles 
72°C extension for 1 minute per kb 
72°C extension for 10 minutes 
The primers used in the PCR reactions are shown in table 2.1. 
RT-PCR reaction 
600ng oligo-dT primer (Stratagene) was used in a 1 0p.l reaction containing 50mM Tris-HCL 
pH 8.3, 75mIV1 KCI, 10mM DTT, 3mM MgC12, 1mM each dNTP, 1 unit Rnase inhibitor 
(Stratagene) and 50 units MMLV reverse transcriptase (Stratagene) and incubated at 37 °C 
for 30 minutes. 1/10 of the sample was then used as a template in a standard PCR reaction. 
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FIEBGL-A gac aga gag aga tct ttc gaa tat ca 
:C 
.....: .... 
FI5'SAL aga gag ga gat 
0- m 
gtc gac tat cga atg teg 
FIE5' SAL RC 
-am 
ega cat tcg ata gtc gac atc tct ctc tct 
MEAEcoRIRC ctt ctc cat taa gaa ttc gcc tcc . m mccc ccc 
MEAEcoRI gg ggg ga ggc gaa ttc tta 
4. 
atg gag aag 
CPS3 gca aaa ccc acg tca ttt cag tgc ctc 
CFS3RC gag gca ctg aaa tga cgt ggg ttt tgc 
CPS4RC 	
wX. 
caa gaa ata atg gga cgt ctt otti.  caa gag 
CPS5 cat tt tat gga cgt 
mamm,m M-M 
ctg ggc agg act atg 
X. CPS5RC cat agt cct gcc cag acg tcc ata taa atc 
cps8 tca ttt cag tgc 
. m m 
gtc gac tga tta taa ttc 
CPSaRC gaa tta taa tca 
M-M 
gtc gac gca ctg aaa tga 
mm .
m .mCS9 caa 
mmmmmm 
atc act ttt gtc gac aat gca aaa ccc 
CPS9RC ggg ttt tgc att gtc gac aaa agt at ttg 
: CPS10 aca cca tca atc gtc gac gtt aaa cca gcc 
CPSIORC ggc tgg ttt aac gtc gac gat tga tgg tgt 
46830FC ttg atg atc qaa gct ctc ctt g 
46830RC 
mama 
tga ggg acg acg ttt tga at :  ...:. 
476OFC tga acg gca caa cat cat ca 
46760RC 
m m, 
tcg cag ctg atc taa cca ca 
fi2xhoFC atg atg ata aag tct cga gga cac caa gag ctc ac 
RA-1/A ggt cac cgg ttt atg gaa tg 
RAP-i/B gcc gga tct tgg ttt caç ta 
LBbl gcg tgg acc got tgc tgc aac t 
RAP 	MM6 cga tac aga ctc aaa cat aga gca aaa ga 
RAP1-5 gta cga tct cac tca ctt ccg gtc tta 
M-M 
at 
RAP1-zig5 ggt cac cgg ttt atg gaa tg 
RAP1 - zig3 aaa .Mmamamaal at act gaa gcc act aaa acg a 
salk boc1er gct gtt gcc a m a , m m cgt ctc act ggt g 
rnl3t 
M.Mmma 
gt aaa cga cgg cca gt 
rnl3r gga aac agc tat gac cat g 
[ ; 	 " " ` a a 	 a a 	 - . . m a . m a a-m-ammammmmm m . . . 	 m . ++....+ m 	 .. m m a 	 M M M .1.1,IM'm ,- m m m . . . . 	 , 	 . . 
...........M m m-. M . M mm m m a.. M ~.....+.... +....... Mm.m.... M m m mm ... M mm m m m mm m a.. mm m m m 
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fable 2.1 PCR Primer sequences 
2.2.9 In Vitro Mutagenesis (1VM) 
Base changes were incorporated into (miniprep) plasmid DNA using the QuikChange® site-
directed mutagenesis kit (Stratagene). The QuikChange® kit can be used to make point 
mutations, switch amino-acids, and delete or insert single or multiple amino-acids. Two 
oligonucleotide primers are designed to contain the desired mutation, each complementary to 
the opposite strands of the plasmid containing the target site. The oligonucleotides are then 
extended during temperature cycling by (the high fidelity) Pfu Turbo DNA polymerase, to 
generate a mutated plasmid containing staggered nicks. The product is then treated with Dpn 
I to digest the parental (dam methylated) DNA template. The nicked vector is then 
transformed into XL 1-blue E. coil cells, amplified and recovered. 
2.2.10 Ligation of DNA fragments 
Ligations were carried out in a 101.11 total volume, in 1 X ligation buffer (Roche Scientific) 
containing 1 unit of T4 DNA ligase (Roche Scientific). Vector and insert DNA was added in 
an approximate molar ratio of 1:1. Reactions were then incubated at 14 °C overnight. 
EEO 
2.2.11 Generation of Blunt-Ended DNA Fragments by 3 Recessed End Fill-In 
lp.g DNA was dissolved in 50mM Tris pH 7.2, 20mM MgSO4, 2001LM DY!', 40M dNTPs 
with 1 unit of Kienow (NEB), in a total volume of 10Otl. The reaction was incubated for 15 
minutes at 25°C, and then stopped by heating t 75°C for 20 minutes. 
2.2.12 Transformation of E.coli cells with DNA Plasmid 
1. Transformation using electro-competent E. coli cells 
Cell preparation 
A one-litre culture of E.coli DH5a strain was grown in LB medium from a lOml overnight 
culture at 18 °C. When an OD600  Of 0.5-0.7 was reached, cells were incubated on an ice water 
bath for 30 minutes, then centrifuged at 4500rpm in a chilled Sorval GSA rotor for 15 
minutes at 4°C. The cell pellet was washed in one litre ice cold 10% glycerol, followed by 
further washes in 500ml, lOOml, 20ml, and lOml ice cold 10% glycerol and finally 
resuspended in 2-3m1 ice cold 10% glycerol. Aliquots of 1001.tl were transferred into 
eppendorf tubes and frozen in liquid nitrogen before being stored at —80 °C. 
Electro-transformation 
Frozen competent cells were thawed on ice; 40tl of cells were mixed with 1 j.tl ligation 
reaction in a pre-chilled transformation cuvette. Cells were shocked with an 18 KV electric 
pulse in a Gene Pulser machine (Biorad) at 200 Q and 25p.F and immediately resuspended in 
lml SOC media (2% bactotryptone, 0.5% bacto yeast extract, 10mM NaCl, 2.5mM KC1, 
10mM MgCl2,  10mM MgSO4 and 20mM glucose). The cells were then incubated at 37 °C 
with constant shaking for one hour, after which the cells were pelleted by centrifugation at 
10,000rpm in a microcentrifuge for 30 seconds, resuspended in 100il LB medium and 
spread out on ampicillin (100.tg/ml) or kanamycin (50 ig/ml) LB agar plates (plates for 
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blue/white screening also contained X-gal (40 gg/ml) and IPTG (200 p.g/ml). Plates were 
incubated overnight at 37 0C. 
2.2.13 Subcloning 
Yeast-two hybrid constructs 
pBI881/pBI880 FIE: primers CM21, CM21RC, CM22, and CM22RC were used to 
introduce in frame 5' Sail and 3' Nottl restriction sites by Quickchange® site-directed-
mutagenesis into the FIE cDNA containing plasmid pCMesc3. FIE cDNA was then 
subcloned in-frame into the yeast-2-hybrid vectors p131880 and p13188I (figure 3.2). 
pEG202/pJG4-5 FIE: primers were used to introduce in-frame 5' EcoRl by Quickchange® 
site-directed-mutagenesis. The FIE coding sequence was then subcloned into pEG202 and 
pJG4-5 as an EcoRJ/Xhol fragment. 
pBI881/pBI880 MEA: Primers MEAl, MEA2, MEA3, MEA4 were used in Quickchange® 
site-directed-mutagenesis to introduce the in-frame 5 'Sail and 3 'NotI restriction sites into the 
plasmid pMEAO. MEA cDNA was then subcloned in-frame into the yeast-2-hybrid vectors 
pBi880 and pBi88I. 
pEG202/pJG4-5 MEA: primers MEAEcoRJRC and MEAEcoRI were used to introduce 
an in-frame 5' EcoRl site by Quickchange® site-directed-mutagenesis. The MEA coding 
sequence was then subcloned into pEG202 and pJG4-5 as a EcoRI/XhoI fragment. 
pBI880ESC/pBI881ESC: primers were used to introduce in-frame 5' BglII and 3'Notl 
restriction sites by Quickchange® site-directed-mutagenesis, using the template pe2sf 
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(Simon et al. 1995). The ESC coding sequence was then subcloned in-frame into the 
plasmids p13I880 and pBI881. 
pBI880E(z)/pBI881E(z): EZA and EZB primers were used to introduce in-frame 5' Sail 
and 3 'Nod restriction sites by Quickchange® site-directed-mutagenesis, using the template 
pe32-55.26 (Jones and Gelbart, 1993). The E(z) coding sequence was then subcloned 
frame into i t  the plasmids p1318 80 and pBI881. 
pBI881MEA deletions: To produce prey constructs that expressed truncated MEA proteins, 
the full length MEA prey construct pBI88 1MEA was modified by Quickchange® site-
directed-mutagenesis to introduce Sail (amino-terminal truncations) or AatII (carboxy-
terminal truncations) sites within the MEA coding sequence (figure 2.1). The modified 
plasmids were then cut with Sail or AatII to excise 5' or 3' cDNA fragments, and 
recircularised. 
pBI880FIS2/pBI881FIS2: The FJS2 coding sequence was amplified by RT-PCR. Total 
RNA was extracted from young siliques (Ler ecotype) using the plant RNeasy kit (Qiagen) 
according to the manufacturer's recommendations. 500ng total RNA was reverse 
transcribed, and used as a template for PCR amplification using the mutagenic primers 
FIS2A and FIS2B for 40 cycles using a 60 °C annealing temperature and the high fidelity 
Pfu Turbo polymerase. The product was digested with )thol and NotI and ligated to SalI/NotI 
digested pBI880 and pBI88 1. 
pBI881FIS2VEFS: The mutagenic primers fis2xhoFC and FIS2B were used to introduce 
the 5' in-frame XhoI and 3' NotI restriction sites by RT-PCR using silique cDNA (see above) 
as template and the high fidelity Pfu Turbo polymerase. The purified blunt-ended PCR 
product was treated with 5 units of Taq DNA Polymerase in 1 X PCR Buffer with M902 
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PIamid ID Priiiier pair U) Site introduced , Region encoded 
pCPS30 CPSS, CPS8RC sail 65-109 
pCPS3I CPS9,CPS9RC sail 73-109 
pCPS32 CPSIO, CPSIORC sail 53-109 
pCPS23 CPS4RC aatll 4-79 
pCPS25 CPS5RC aatJl 4-109 
pCPSI7 - - 4-266 
Figure 2.1 pBI881MEAdeletions. To produce prey constructs that expressed truncated MEA proteins, the full length MEA 
prey construct pBI88 1MEA was modified by Quickchange® site-directed-mutagenesis to introduce Sall (amino-terminal 
truncations) or Aatll (carboxy-terminal truncations) sites within the MEA coding sequence. The modified plasmids were then 
cut with Sail orAatll to excise 5' or 3' cDNA fragments, and recircularised. 
containing dATP to a final concentration of 0.2mM, in a final reaction volume of 1 Ojil. The 
reaction was incubated at 70 °C for 15-30 minutes before being ligated into pGEM®-T Easy 
Vector and subcloned into Sail/Notl digested pBI88 1 as a XhoJJNotI fragment. 
pTFTFIE: pCMESC3 was cut with ThoI, before being partially cut with EcoRI. The 
fragments were isolated by gel purification and the 1307bp band was ligated to the 
EcoR LISa!! digested vector for yeast 3-hybrid analysis (pTFT). pTFT (a generous gift of 
Marcos Egea-Cortines, Max-Planck-Institute for Plant Breeding Research) has the ADH1 
promoter and nuclear localization signal from pGAD424 (Clontech) as used in the two-
hybrid expression plasmids (Fields and Song, 1989). The pTFT vector complements the 
ade2 auxotrophy from Saccharomyces cerevisiae, and is based on pASZ 12, a 2j.t version of 
pASZ 11 (Stotz and Linder, 1990). Selection can be made in media lacking adenine. 
pTFTMEA: pMEA-0 was cut with Sail and )ThoI. The MEA coding sequence was then 
ligated into the Sail cut pTFT in the sense orientation. 
pBI881RAP-1 deletion series: pBI88 1RAP-1 was recovered from a yeast two-hybrid screen 
using FIE as bait, and was found to encode the RAP-] N-terminal region (amino  acids 234-
624). Native internal restriction sites in the RAP-] eDNA were used to generate deletion 
plasmids (figure 2.2).Al: pBI881RAP-1 was digested with EcoRLINotI, blunt ended, and 
the linear plasmid was then gel purified before being  recircularised. A2: pBI88 1RAP-1 was 
digested with AatII; the linear plasmid was then gel purified before being recircularised. 3: 
pBI8 81 RAP-i was digested with NotI. The reaction was then incubated at 70 °C for 20 
minutes to inactivate the enzyme, before being digested with HpaI and blunt-ended. The 
linear plasmid was then gel purified before being recircularised, by ligation in dilute 
conditions that favoured intramolecular ligation. 
FIE 
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Figure 2.2 pBI881 RAP- ldeletion series. pBI881 RAP- 1 was recovered from a yeast two-hybrid screen using Fifi as bait, and 
was found to encode from amino acid 769. Native internal restriction sites in the RAP-i cDNA were used to generate deletion 
plasmids. Al: pBI881 RAP- 1 was digested with EcoRL/NotI, blunt ended, the linear plasmid was then gel purified before being 
recircularised. A2: pBI881 RAP- 1 was digested with Aatll; the linear plasmid was then gel purified before being recircularised. 
A3: pBI881RAP-1 was digested with Nod. The reaction was then incubated at 70°C for 20 minutes to inactivate the enzyme, 
before being digested with HpaI and blunt-ended. The linear plasmid was then gel purified before being recircularised. 
YFP/CFP Fusion Constructs 
pMON-CFP-FIE/ pMON-YFP-FIE: The FIE cDNA clone pCMESC3 was mutagenised 
using the Quickchange® site-directed-mutagenesis kit (Statagene) and the primer pairs 
FIENCO-A and FIENCO-B, and FIEBGL-A and FIEBGL-B, to introduce a Bglll site 
upstream of the ATG start codon and a NcoI site immediately upstream of the TAG stop 
codon. The mutagemsed HE coding sequence was cut with BglII and NcoI and ligated to 
the BglHlNcoI digested pMON999-YFP and pMON999-CFP cowpea expression vectors. 
These vectors contain a multiple cloning site between the double cauliflower mosaic virus 
(CaMV) 35 S promoter and a terminator sequence of the nopaline synthase gene (Tnos) to 
allow expression of the fusion proteins in plants (van Bokhoven et al. 1993). 
Binary Construct 
pBIB-UAS hygR:  Using the Stratagene QuikChange® Site-Directed Mutagenesis Kit a 
suitable restriction site (Sail) was introduced into pCMESC3 (containing the full-length FIE 
cDNA) to allow subcloning into the modified binary vector pBIBHygR  (Becker 1990). This 
was downstream of the previously introduced GAL4 UAS element (figure 2.3). The primer 
pair FIE5 'SAL and FIE5 'SAL RC was used to introduce a Sail site upstream of the FIE 
translational start site in the plasmid pCMESC3. The FIE cDNA was then isolated by 
digestion with the restriction enzymes Sail and Kpnl and ligated into the polylinker of the 
modified pBIB-I-IYG vector. The plasmid was then amplified in E-coli and subjected to 
restriction analysis to verify the presence of the FIE cDNA before being introduced into 
Agrobacterium by transformation. After Agrobacterium transformation the plasmid was re-
isolated and re-introduced into E-coli to confirm that no rearrangements had occurred. 
Templates for in situ probes 
pBsSK-Rap-ltrunc (spanning +733 to +1011 relative to ATG). The RAP-] insert from 
pBI881RAP-1 was subcloned into pBluescript SK- (Stratagene) as a SalI/NotI fragment. 
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Figure 2.3 pBIB-UAS-FIE Subcloning of FIE cDNA into pBIB-UAS 
binary vector. Sail (red) was introduced to pCMESC3 containing the full-
length FIE cDNA to allow subcloning of the SalI-KpnIFIE fragment into the 
GAL4 UAS containing modified binary vector pBIB-HYG. The UAS 
element was previously introduced as a Hindill-Sall fragment by Gwyneth 
Ingram (ICMB). TNOS = nopaline synthase terminator sequence. 
The C terminal region was removed by restriction with BamHI followed by re-circularisation 
of the plasmid. 
pBsSK+Rap-ltrunc (spanning +733 to +1011 relative to ATG). The RAP-] insert of 
pBsSK-Rap-ltrunc was subcloned directionally into pBluescnpt SK+ (Stratagene) as a 
Sa1J/SacII fragment. 
2.3 Yeast 2-Hybrid Analysis 
I. Yeast transformation 
1 Omi YPD media (1% w/v yeast extract, 2% w/v bacto peptone, 2% w/v glucose) was 
inoculated with yeast strain YPB2 or AH109 (Clontech) or EGY48 (Clontech) and incubated 
with agitation overnight at 30 °C. For details of yeast strains see figure 2.4. Cells were 
counted the next day using a hemocytometer, and added to lOOml fresh YPD media such that 
a cell concentration of 2 x 107  cells/ml was obtained and incubated further. When cells 
reached a density of 7 x 106  the cells were pelieted by spinning in a Sorvali centrifuge for 5 
minutes at 7000rpm, washed in 25m1 dI-1 20 and repeileted. Cells were then washed in imi 
1 OOmJVl lithium acetate, before being resuspended in fresh 100mM lithium acetate to a final 
cell density of 2 x 10 9 cells/mi and transferred to eppendorf tubes in 50il aliquots. To 
transform the yeast cells each 50111 aliquot was centrifuged at 13,000 rpm for 15 seconds in a 
microcentrifuge and the lithium acetate removed. 240111 50% PEG, 36111 1M lithium acetate, 
25 p.l 2mg/ml single-stranded salmon sperm DNA and 1 p.g of plasmid DNA was added to the 
cells. The tubes were then vortexed thoroughly for 1 minute, incubated for 30 minutes at 
300C, 25 minutes at 42 °C and centrifuged for 15 seconds at 8000 rpm in a microcentrifuge. 
Cells were resuspended in 200111 dl-1 20 then plated onto freshly made YMM plates (2% w/v 
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Transformation 
Strain 	System Genotype' Reporter(s) Markers References 
EGY48 b  LexA MATa, ura3, his3 , trpl, LexAop (x6)-LEU2 LEU2 his3, trpl, ura3 Estojak etal., 1995 
AH109 GAL4 MATa, trpl-901, leu2-3, 112, ura3-52, his3-200, H[S3, ADE2, trpl, leu2 James etal., 1996; 
trpl, leu2gal4D, gal80D, LYS2: : GAL  UAS-GALI lacZ MELI Holtz, Unpublished 
TATA-HIS3, MEL I GAL2 UAS-GAL2TATA-ADE2, 
URA3::MELI UAS-MELITATA-lacZ 
YPB2 	GAL4 MATa ura3-52 his3-200 ade2-101 lys2-801 trpl-901 HIS3, lacZ trpl, leu2, his3 Bartel 1993 
leu2-3, 112 can   gal4-542 ga!80-538 LYS2::GAL1 u . 
LEU2TATAHIS3 URA3 : (GAL l7mesx3)CYClTATA4aCZ) 
Figure 2.4 Yeast Host Strain Information 'The trpl, his3, gal4, and gal80 mutations are all deletions; leu2-3, 112 is a 
double mutation. bMSo  contains the pSH 18-34 lacZ reporter plasmid. 
glucose, 0.67% yeast nitrogen base without amino acids, 2% w/v agar (Difco), amino-acids 
(see table 2.2)), and incubated at 30 °C for 3 days. 
L-arginine - HCL. 20 
L-aspartic acid 100 
L-glutarnic acid 50 
Adenine u1pha 40 
L-histidine —HCL 20 
L-isoleucine 30 
L-leucine 16() 


















Table 2. 2 Yeast media amino-
acid concentration. Selective 
plates were made by omitting the 
appropriate amino-acids in italics. 
Fly 
ii. Yeast Colony Filter Assay for -galactosidase Activity 
Independent yeast transfonnants were picked using a sterile toothpick and streaked onto 
Nylon-backed nitrocellulose filters (Amersham) placed on top of a fresh YMM-L-W plate 
and incubated at 30 °C for 3 days. Filters were submerged for 10 seconds in liquid nitrogen 
before being  saturated with 2m1 Z-buffer (60mM Na 2HPO4, 40Mm NaH2PO4, 10mM KCL, 
1mM MgSO4, 1mg/mi X-Gal and beta-mercapthoehanol) and incubated at 37 °C for between 
lhr and overnight. 
2.4 In situ Hybridisation 
The expression pattern of RAP-] was analysed by in situ hybridisation with labelled RNA 
probe. In vitro transcribed RNA probe was non-radioactively labelled with digoxygenin-li-
UTP and hybridised to longitudinal sections of Arabidopsis inflorescence tissue. Probe 
detection was carried out by an immunochemical assay with an anti-digoxygenin antibody 
conjugated to an alkaline phosphatase. The anti-digoxygenin antibody binds to digoxygenin 
and the phosphatase enzyme catalyses the colour reaction with Western Blue substrate 
(Promega) such that the signal can be detected as a blue/purple precipitate. 
2.4.1 Tissue fixation and embedding 
Inflorescence issues were harvested and fixed in 4% (v/w) paraformaldehyde. 
Paraformaldehyde was dissolved in 1X phosphate buffered saline (PBS, 130mM NaCl, 7mM 
Na21-1PO4, 3mM NaH2PO4) that had been warmed to 60 °C and the pH adjusted to 11 with 
NaOH pellets. The solution was then slowly cooled down to 4 °C and its pH readjusted to 7 
using H2SO4. In order to improve the penetration of the fixative into the tissues, 0.1% (w/v) 
Triton-X-100 and 0.1% (w/v) Tween 20 were added. The plant materials were immersed in 
the fixative and a vacuum was applied for 15 minutes in order to aid the penetration of the 
fixative. The fixative was then replaced with fresh solution and fixation proceeded overnight 
at 4°C with gentle shaking. 
After fixation, the tissue was washed twice in 1X PBS with gentle shaking to remove the 
paraformaldehyde. Subsequently the tissue was dehydrated through an ethanol series (Table 
2.3). All the steps involving paraformaldehyde were carried out in a fume hood. The tissue 
was then cleared with Histoclear (CeliPath). Wax was introduced at the second 100% 
Histoclear treatment by adding 1/4  volume of paraplast chips (BDH- Merke) and leaving 
overnight in a 42 °C heating block. After overnight incubation, a further ¼ volume of melted 
chips was added and the waxlHistoclear mixture was replaced with fresh molten wax after 2 
hours treatment at 60 °C. The tissue was incubated in wax overnight at 60 °C. The molten 
wax was replaced twice in the morning and evening of the following day. This was repeated 
for the next two days. The details of the treatments are listed in table 2.3. Finally the tissue 
was placed in plastic moulds containing molten wax. The position of the tissue was 
carefully adjusted for subsequent sectioning. The plastic mould was cooled rapidly to 
solidify the wax and later stored at 4 °C until sectioning. 
30% ethanol 1 hour 4°C 
40% ethanol 1 hour 4C 
50% ethanol 1 hour 4C 
60% ethanol 1 hour 4C 
70% ethanol 1 hour 4C 
85% ethanol 1 hour 4C 
95% ethanol Overnight 4C 
100% ethanol 30 inututes mont temperature 
Sol 
Table 2.3 Treatment for embedding tissue 
2.4.2 Sectioning of embedded tissues 
The wax block containing the fixed tissue was cut using a razor blade into a trapezoid, 
mounted onto a small metal disc and at 4 °C for at least 15 minutes. The disc was secured 
onto a microtome (Reichet-Jung) and its position adjusted such that the face of the trapezoid 
was aligned next to and parallel to the blade. Sections ware cut into ribbons of 8.tM thick 
and floated on sterile water on a Probe On Plus coated slide (Fisher Scientific). The slide 
was placed in a 42 °C hot plate for about 15 minutes until the ribbon flattened. Water was 
removed by suction with a sterile Pasteur pipette and blotting with a lens cleansing tissue 
(Whatman). Finally the slides were left at 42 °C overnight to allow the ribbons to adhere 
onto the slide surface. The slides were then stored at 4 °C until use. 
2.4.3 In vitro transcription of RNA probes 
The desired RAP-] DNA fragment to be transcribed was subcloned into the polylinker of 
pBluescript KS (Stratagene) next to the T7 polymerase promoter (for details see section 
2.blah). Plasmid DNA was then amplified in E.coli before being extracted and purified. 
Using the T7 primer the insert was PCR amplified then purified from agarose using the 
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QIAGEN QlAquick PCR purification kit, dried in a vacuum concentrator (Savant) and 0.5-
1 jig was resuspended in 18 p.1 RNase-free water. The diluted DNA was added to a labelling 
reaction mix containing 2.5 p.1 10 X RNA polymerise buffer (Roche Scientific), 1 j.tl RNase 
inhibitor (20 units! p1), 2.511 5mM ATP, GTP and CTP, 2.5 p.1 1mM DIG-UTP and 1p.l RNA 
polymerise (20 units/p.!). The reaction was incubated at 37 °C for 2 hours and then stopped 
by adding 75p.l RNase-free water, 1 p.1 100mg/mi tRNA and 3p.l of DNase I (10 units/p.1). 
After a 15 minute incubation at 37 0C to allow DNase I to digest template DNA, the RNA 
was precipitated using 1 volume of 3.5M sodium acetate and 2 volumes of ice-cold ethanol. 
The RNA pellet was washed in DEPC-treated 70% ethanol, air-dried and resuspended in 
RNase-free water. The successful incorporation of the DIG-UTP during the labelling 
reaction was estimated by spotting 1 p.1 of the newly labelled probe and 1/100 dilution of the 
DIG-labelled control RNA (Roche Scientific) onto a nylon filter. The RNA was UV 
crosslinked at 0.4 J/cm 2. The filter was then wetted with buffer 1 (100mM Tns-HC! pH7.5, 
150mM NaCl), incubated with gentle shaking in buffer 2 (1 X Blocking agent (Roche 
Scientific) dissolved in buffer 1) for 30 minutes, washed briefly with buffer 1, and then 
incubated in buffer 1 with 1 p.1 of anti-DIG antibody. The filter was then washed twice in 
buffer 1 for 15 minutes to remove unbound antibody and then briefly washed in buffer 5 
(100mM Tris-HC1 pH9.5, lOOmIVI NaCl, 50mM MgC1 2) to raise the pH. Finally, the filter 
was immersed in Western Blue substrate (Promega) and shaken gently for 15 to 30 minutes 
until blue/purple spots became visible. The relative intensities of the RNA probe spot and 
the control spots gave an estimate of the success of the transcription reaction. 
2.4.5 Hybridisation 
L Section pre-treatment 
Slides containing  sectioned tissues were loaded onto a pre-baked stainless steel rack. Slides 
were treated with a series of solutions as shown in table 2.4. All the steps were carried out in 
L. 
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RNase-free plastic tubs and 300m] of solution was used in each step (600m1 for the acetic 
anhydride treatment). The Histoclear and the first ethanol steps were performed in a glass 
container. Since acetic anhydride is unstable in water, fresh acetic anhydride was added to 
the solution with vigorous mixing using a magnetic stirrer with the slide rack elevated above 
the stirrer on an empty rack. Apart from the proteinase K digestion which was carried out at 
370C, all the treatments were performed at room temperature. 
6c car 	 : 10 
Histoclear . 10 
100°ietha.noI 2 
100% ethanol 2 
95% ethanol 2 
90% ethanol 2 
80% ethanol 2 
60% ethanol 2 
..30% ..ethanol  
DEPC-treated water:*2 
2XSSC 20 
Protemase K 30 
(lp.gIrnl in 100mM Tris-HCI pH8 0, 50mM EDTA) 
Glycine (2mg/mi in PBS) 2 
PBS 2 
PBS 2 
Acetic anhydride 	. 	 . 1.0 
' /v in 0. IM triothanolamine pH8 .0) 
PBS 2 
PBS . 2::: 
Rehydrated through. ethanol series as above 	. 03 each 
(30% ethaitol - 100% ethanol) 	 . 	 . 
I able Z.4 Section pre-treatment 
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j Hybridisation 
Pre-treated slides were dried completely of ethanol on clean paper towels. The digoxygenin-
labelled RNA probe was thawed on ice and 2.ii of the probe was diluted in 19p.l of DEPC-
treated water. The diluted probe was added to 20jil  of fonnamide, denatured for 2 minutes at 
80°C and then added to the hybridisation mix (lOOtil 10 X in situ salt (3M NaCl, 100mM 
Tris-HCI pH8, 100mM NaPOP4 pH6.8, 50mM EDTA), 400pi deionised formamide, 2001.l 
50% dextran sulphate, 20pi 50 X Denhardts solution (1% polyvinylpyrrolidone, 1% Ficoll, 
1% BSA fraction V), 101.11 tRNA (100mg/mi) and 70pi  DEPC-treated water). Two slides 
were sandwiched together and the probe mix was allowed to coat the slides by capillary 
action. The slide pairs were placed on top of glass rods in a plastic tray saturated with 50% 
formamide. The tray was then sealed and incubated at 55°C overnight. 
2.4.6 Post-hybridisation washes 
After overnight hybridisation, the slide pairs were separated by rinsing in 0.2 X SSC solution 
then placed in a clean rack. The rack was then subjected to a series of washes with gentle 
agitation as shown in table 2.5. 
Table 2.5 Slide washes 
53 
2.5.7 Detection of bound digoxygenin labelled probe 
The slides were washed in 1% Roche Block (in buffer 1). After 45 minutes the blocking 
solution was replaced by buffer 3 (1% BSA in 100mM Tris-HCI pH7.5, 150mM NaC1. 0.3% 
Triton-X-100) and the slides washed for another 45 minutes. Following  the washes 
digoxygenin-AP antibody (Roche Scientific) was diluted 1:1250 in buffer 3. The slides were 
sandwiched together again and the antibody solution was drawn up by capillary action. The 
solution was drained  off and fresh solution was reapplied. The slide pairs were then placed 
on glass rods in a plastic tray and incubated at room temperature for 2 hours. The antibody 
was then drained off the slides and the slides were separated, returned to the rack and washed 
4 times for 15 minutes each in buffer 1 with gentle shaking. This was followed by a 10-
minute wash with buffer 5. Slides were then re-sandwiched and capillary action was used to 
draw Western Blue substrate up. The first application was drained on a clean paper towel 
and the solution was reapplied. The slide pairs were elevated on glass rods in a sealed 
container and placed in total darkness for 2-3 days. Subsequently the slides were separated, 




Developing seeds and ovules were mounted in a solution containing chloral hydrate: dl -120: 
glycerol in an 8g: 2n-d: lml ratio. After 1 to 18 hours the slides were examined using a 
Nikon (Tokyo, Japan) microscope using differential interference contrast (DIC) optics. 
Confocal microsco 
Developing seeds and ovules were mounted in a 0.4-0.5% agarose solution and observations 
were made using an inverted laser scanning confocal microscope (model LSM5 10; Zeiss, 
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Jena, Germany) with a Q 63 plan objective. GFP fluorescence was monitored with a 
505±550 nm band-pass filter (488 nm excitation line of a krypton±Argon laser). 
Fluorescent microscopy 
Seedlings were mounted in dI-1 20 and observations were made using an Axioskop 2 
microscope (Carl Zeiss, Jena, Germany). Chioroplast autofluorescence was eliminated with 
a red emission filter. 
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Chapter 3. Protein-protein interactions mediating the fis 
phenotype 
3.1 Introduction: A FIS complex 
The FIS genes regulate cell proliferation both in the female gametophyte and during early 
seed development in Arabidopsis (Sorensen et al. 2001). The FIS genes: FIE, MEA, and 
FJS2 encode Polycomb-group (Pc-G) proteins, transcriptional regulators that form 
multimeric complexes and are thought to modify chromatin structure to confer a mitotically 
stable repressed state (Grossniklaus et al. 1998a, Grossniklaus et al. 1998b, Kiyosue et al. 
1999, Luo et al. 1999, Ohad etal. 1999, Tie et al. 1998, Jones et al. 1998, Shao et al. 1999, 
van der Vlag etal. 1999). FIE, MEA, and FJS2 encode homologues of the Drosophila E(Z), 
ESC, and Su(z) 12 proteins, respectively. The three proteins are widely conserved in the 
animal kingdom, and the animal homologues associate in a multimeric complex that is 
biochemically distinct from the PRC1 Pc-G complex (Sewalt et al. 1998, Jones et al. 1998, 
Shao et al. 1999, van der Vlag et al. 1999, Korf, et al. 1998, Holdeman et al. 1998, Van 
Lohuizen et al. 1998, Ng, etal. 2000, Sewalt et al. 1998 Birve et al. 2001). To test whether 
the similarities in Jls mutant phenotypes also reflect interactions between their protein 
products, FIS protein interactions using the yeast two-hybrid assay and their protein 
localization in planta were characterized. 
3.2 FIE and MEA interact in yeast two-hybrid 
The common mutant phenotype (section 1.4 and 1.5) of mea,fie, and fis2 could be explained 
by the three wild type gene products acting in a common pathway, whereby one gene 
activates the expression of another to regulate seed development. Alternatively the three FIS 
proteins may act as part of a multimenc complex similar to that observed with their animal 
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homologues (figure 3.1). To test whether MEA, FIE, and FIS2 proteins have the potential to 
interact, yeast two-hybrid assays were performed. 
The yeast two-hybrid system (Fields and Song 1989) takes advantage of the modular 
properties of eukaryotic transcription factors such as GAL4 or LEXA (Ptashne 1996). These 
proteins contain two discrete functional domains, a DNA binding domain (DB) and a 
transcriptional activation domain (TA). The DB domain is sufficient to bind its specific 
target sequence, for example, the upstream activating sequence (UAS) in the case of GAL4, 
but alone it cannot activate transcription of target genes. By contrast TA domains lack DNA 
binding activity, but are sufficient to confer transcriptional activation, most likely by 
stabilising interactions between the basal transcription machinery and the target gene 
promoter. Interaction between two proteins of interest (X and Y) can be detected by 
expressing DB-X (bait) and TA-Y (prey) fusion proteins in recombinant Sacaharomyces 
cerevisiae. If X and Y interact, the TA domain is recruited to the DB fusion, reconstituting 
GAL4 or LEXA activity, allowing transcription of the reporter genes bound by the DB 
fusions. To monitor interaction, two reporter constructs are commonly used, comprising of 
the Lac-z coding sequence encoding J3-galactosidase (0-gal) and the HJSTIDINE3 (HJS3) 
gene encoding an enzyme required for histidine synthesis. These genes are placed under the 
control of promoters containing GAL4 or LEXA target sequences in a histidine auxotrophic 
yeast strain. 
The full-length FIE and MEA proteins were expressed as fusions using a GAL4 based yeast 
2-hybrid system designed by Dr W. Crosby (NRC Plant Biotech Inst, Saskatoon, 
Canada) (Kohalmi et al. 1998). In this system, the vector pBI880 is used to engineer 'bait' 
fusions to the GAL4 DB, and pBI881 for 'prey' fusions to GAL4-TA (figure 3.2). The 
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Figure 3.1 Alternative Models for FIS Protein Action. A) Shows the three FIS proteins 
acting as a complex to repress target genes. B) Shows the three P15 proteins acting in a 
common pathway to repress target genes. PRE, Polycomb Response Element. 
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Figure 3.2 Vectors used for Yeast two-Hybrid Assay. A) pBI880 vector for 'bait' 
fusions. B) pBI88 1 vector for 'prey' fusions. cDNAs were introduced as in-frame fusions 
using engineered Sail and NotI restriction sites. The vectors can be propagated in E.Coli 
and selected by ampicillin resistance. The LEU2 and TRPJ genes allow for selection in 
yeast strains that carry 1eu2 or Irpi mutations. 
and MEA as bait fusions to the yeast GAL4-DB domain and as prey fusions to the GAL4-
TA domain. The yeast strain YP132 is auxotrophic for leucine and tryptophan, which allows 
for selection of the bait and prey plasmids respectively. Transformed yeast strains that carry 
the FIE bait construct alone are unable to grow in the absence of histidine and do not express 
f3-galactosidase, indicating that the FIE protein does not provide transcriptional activation 
when fused to the GAL4 DB (figure 3.3). In addition, yeast containing FIE—DB and GAL4-
TA failed to activate either reporter, indicating that GAL4-TA alone does not interact with 
FIE-DB (figure 3.3). However, yeast transformants carrying both DB—FIE and TA—MEA 
express both reporters suggesting that FIE and MEA interact (figure.3.3). The interaction is 
not detected when the reciprocal fusions (FIE—TA and MEA-1313) were co-expressed (data 
not shown). One possible explanation is that one or both fusions were poorly expressed; 
alternatively the interaction domain of one of the proteins may have been masked or 
improperly folded when fused to the GAL4 domain. The interaction was also tested in an 
alternative LEXA based two-hybrid system that uses the yeast host strain EGY48 (Golemis 
et al. 1996), in which LEU2 and lacZ reporter genes are transcriptionally dependent on 
reconstituted LEXA activity. In the EGY48 host, expression of the prey construct is 
galactose inducible, so colonies are grown on glucose or galactose containing media to 
compare reporter gene activation in the presence of bait alone or bait and prey, respectively. 
In this system MEA—DB constructs on their own are able to weakly activate reporter gene 
expression, but show increased J3-galactosidase activity in the presence of FIE—TA prey 
(figure 3.4) also consistent with a FIE—MEA interaction. 
A further confirmation that FIE and MEA proteins can interact was obtained from in vitro 
pull-down experiments performed by C. Spillane as part of a collaboration. Here, FIE 
protein was expressed in vitro using a coupled transcription/translation system. The MEA 
protein was expressed as a fusion to Glutathione-S-transferase (GST) in E.coli, and purified 
from bacterial extracts. When the two proteins were mixed, and GST-MEA bound to 
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Figure 3.3 FIE Interacts with MEA in yeast. HIS3 and lacZ reporter genes are transcriptionally dependent on reconstituted GAL-4 
activity. Three independent transformants are shown for each growth assay on His - media. For 3-galactosidase activity assays six 
independent transformants are shown on filter paper after lysis and incubation with X-GAL substrate. 
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Figure 3.4 Drosophila ESC shows a weak interaction with MEA in yeast. LEU2 and IacZ reporter genes are transcriptionally dependent 
on reconstituted LEXA activity. Expression of the prey construct is galactose inducible, so colonies were grown on glucose or galactose 
containing media to compare reporter gene activation in the presence of bait alone or bait and prey, respectively. Three independent 
transformants are shown for each growth assay on Leu media. For 13-galactosidase activity assays three independent transformants are shown 
on filter paper after lysis and incubation with X-GAL substrate. MEA-DB alone activated the LEU2 reporter gene but gave weaker activation 
of the 13-galactosidase reporter. FIE-DB alone strongly activated both reporter genes and therefore could not be used in this assay. 
glutathione beads, FIE was also recovered (Spillane et al. 2000). These results further 
support a direct interaction of FIE and MEA. 
3.3 Mapping the region of MEA that interacts with FIE 
To test whether a discrete region of MEA is sufficient for interaction with FIE, a series of 
carboxy-terminal truncations of the MEA prey were tested with FIE bait in yeast two-hybrid 
assays. The results indicated that amino-terminal residues 4-109 of MEA are sufficient for 
interaction with FIE (figure 3.5). Thus, prey constructs with more extensive deletions of 
MEA (residues 4-79) are unable to interact with FIE (figure 3.5). In addition, a series of 
amino-terminal deletions (53-109, 65-109 and 73-109) all tested negative for interaction with 
FIE. Together these results suggest that residues 4-109 of MEA are sufficient for interaction 
with FIE. 
An analogous deletion series of FIE was not attempted as it has been shown that even small 
deletions within the WD region of its Drosophila homologue ESC drastically affects its 
structural integrity and greatly diminishes binding to E(z) (Tie et al. 1998). However, to test 
whether mutations that eliminate FIE activity in planta also affect its interaction with MEA, 
the fie-6 mutation was introduced into the FIE—GAL4—DB bait. fie-6 confers a strong mutant 
phenotype equivalent to that of alleles encoding extensive truncations or deletions (Ohad et 
at. 1999). It encodes FIE W364STOP which truncates the FIE protein by six residues. This 
disrupts the highly conserved WD residues at the carboxy-terminal end of WD repeat motif 
seven, which are predicted to stabilize the f3-propeller structure (for example Tie et al. 1998, 
Jones et al. 1998 and Ng et al. 1998). Introduction of the W364STOP mutation into the FIE 
bait prevents its interaction with MEA (figure 3.5), consistent with the interaction of FIE and 
MEA being necessary for FIE activity in planta. 
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Figure 3.5 FIE Interacts with the N-terminus of MEA in yeast. HIS and lacZ reporter genes are transcriptionally dependent on 
reconstituted GAL-4 activity. Three independent transformants are shown for each growth assay on His- media. For 13-galactosidase 
activity assays six independent transformants are shown on filter paper after lysis and incubation with X-GAL substrate. Only the most 
informative deletions are shown here. A series of C-terminal deletions (4-109, 4-266) all tested positive, whereas 4-79 tested negative. All 
the N-terminal deletions (53-109, 65 -109 and 73 -109) tested negative. 
The Drosophila mutation esc2 ' (S301F in WD5 of ESC) has a drastic effect on E(Z) binding 
(Tie et al. 1998). The serine residue affected is one of the three highly conserved residues in 
all WD motifs, which form the structural triad (Neer et al. 1994). Thus, the non-conservative 
mutation S301F is thought to perturb at least the structure of 13-sheet 5 (WD5) and possibly 
the global structure of the whole protein. Consistent with this, the WD region of this mutant 
protein is much more trypsin sensitive than wild type ESC. The esc2' mimic mutation S255F 
was introduced into the FIE bait and surprisingly, it was found that the mutation only 
partially disrupted its interaction with MEA in yeast (figure 3.5). 
3.4 Interaction of FIS2 and MEA 
The similarity of fis2 mutants to fie and mea suggested that FIS2 might interact with either 
FIE, MEA, or both. I therefore expressed full-length FIS2 as 'bait' and 'prey' fusions and 
tested these in yeast two-hybrid assays with FIE or MEA constructs. However, no 
interaction with either FIE or MEA was found (data not shown). Other groups have also 
reported subsequently that FIS2 does not show an interaction with either FIE or MEA in 
yeast (Luo et al. 2000 and Yadegari et al. 2000). One possibility is that FIS2 may only 
interact with FIE and MBA when the two proteins are associated in a complex. This would 
be analogous to the interactions between certain MADS-box containing proteins. For 
example, AG can interact with AP3/PI in yeast, but only when another MADS protein SEP3 
is associated with AP3 or PT (Honma and Goto 2001). To test whether FIS2 could interact 
with a FIE/MEA complex a yeast 3-hybrid assay was carried out. MEA was expressed on a 
third plasmid (pTFT) together with FIE-DB and FIS2-TA in yeast host strain Y132. Again 
no interaction was found (data not shown). This might be attributed to steric hindrance of 
the full-length protein, whereby the interaction domain of the protein is restricted or 
obstructed in the chimeric fusion protein. Alternatively, the full-length FIS2 protein may be 
poorly expressed in yeast. The latter possibility is supported by the observation that both 
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VRN2 and SuZ12, two homologues of FIS2, cannot be expressed as full-length proteins in 
E.coli (C.Dean, personal communication). Later, A. Bishopp (ICMB, Edinburgh) showed 
that the EMF2 protein, which is a homologue of FIS2, does not interact in yeast 2-hybrid 
with the MEA homologue CLF when it is expressed as a full-length protein. However, a 
truncation containing only the C-terminus of EMF2, which contains the conserved VEFS 
box region did interact (A.Bishopp, unpublished). I therefore created FIS2VEFS-DB, which 
expresses the C-terminus of FIS2 as a DB fusion, and tested this in yeast two-hybrid assays 
with full-length MEA-TA and MEA 109—TA (figure 3.6). In this case the yeast strain 
AH 109 was used which has a more stringent HJS3 reporter gene than YBP2 and has a highly 
stringent ADE3 reporter gene, both of which are transcriptionally dependent on reconstituted 
GAL4 activity. These results show that MEA and the FIS2 VEFS box can interact in yeast, 
and that the FIS2 interaction domain is separate from the FIE interaction domain. 
3.5 Conservation of Pc-G interactions between plants and animals 
It has also been shown that an amino-terminal portion of the Drosophila E(Z) protein is 
sufficient for its interaction with ESC (Tie et al. 1998, Jones et al. 1998, and Shao et al. 
1999). This suggests that the interaction between E(Z) and ESC homologues is conserved 
between plants and animals, and is mediated by amino-terminal regions of E(Z) and MEA. 
However, there is little primary sequence similarity between these regions of MEA and E(Z) 
(figure 3.7), suggesting that the domain mediating the interaction with FIE/ESC has 
undergone sequence divergence in the plant and animal lineages. To test whether their 
secondary structures might be conserved in spite of the sequence divergence, I tested 
whether plant MEA was able to interact with Drosophila ESC by using the LEXA based 
yeast two-hybrid system (Golemis et al. 1996) in which the interaction of E(Z) and ESC had 
previously been demonstrated (Jones et al. 1999). TA—E(Z) and TA—MEA preys both 
interact with DB—ESC bait and activate the reporter genes, although the interaction with 
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Figure 3.6 MEA Interacts with the FIS2 Carboxy-terminus in yeast. HIS and ADE reporter constructs are transcriptionally dependent 
on reconstituted GAL-4. Three independent transformants are shown for each growth assay on His - and Ade media. 
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Figure 3.7 Protein alignment of the ESC/FIE binding region of E(Z)/MEA 
and four mammalian E(Z) homologues. The E(z) N- terminal region is highly 
conserved between the Drosophila protein and its mammalian homologues 
(mENXI, mEzhl, hEZHI, and hEZH2) but shares little homology with the 
Arabidopsis protein MEA. Warmer colours indicate higher consistency 
between the different pairwise alignments. 
MEA is weaker than with E(Z) (figure 3.4). Thus MEA and E(Z) can both interact with ESC 
despite their divergent sequences in the amino-terminal region, suggesting they may retain a 
similar protein structure. 
3.6 Interaction of FIE and MEA in planta 
If the physical interaction of FIE and MEA is biologically relevant, their products would be 
expected to be associated together in a complex in p/ama. To test this we used fluorescence 
resonance energy transfer (FRET). FRET is a phenomenom that occurs when two 
fluorophores are in sufficient proximity (<bOA). An excited donor fluorophore e.g. cyan 
fluorescent protein (CFP) can then transfer its energy to a second acceptor fluorophore e.g. 
yellow fluorescent protein (YFP) to produce light emissions. Protein-protein interactions 
can be measured by fusing the proteins of interest to the flourophores and measuring the 
ratio between donor and acceptor emission intensities. Full-length MEA and FIE cDNAs 
were subcloned into the FRET vectors (pMON-YFP and pMON-CFP) to allow expression of 
MEA and FIE as amino-terminal fusions to YFP or CFP under the control of the CaMV3 5 s 
promoter. I produced the FIB constructs and the FRET analysis was subsequently carried 
out by C. Spillane (IPB, University of ZUrich, Switzerland) as part of a collaboration. 
Unfortunately no FRET was observed with either combinational pair of the fusion proteins 
(MEA-CFP/FIE-YFP and MEA-YFPIFIE-CFP) when expressed in cowpea protoplasts. 
However, this result does not exclude the possibility that FIE and MEA interact in planta, as 
FRET may not occur for several reasons. For example, due to steric hindrance of at least one 
of the fusion protein pair, whereby the interaction domain of the protein is restricted or 
obstructed in the fused protein. Alternatively, the fluorophores may not be juxtaposed 
sufficiently for FRET to occur. 
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Cotransfections of cowpea protoplast cells with FIE—CFP (figure 3-8a) and MEA—YFP 
(figure 3.8b) indicate that FIE and MEA co-localize to the nucleus and are both consistently 
excluded from the nucleolus. Nuclear localization of both MEA and FIE was also observed 
in single transfections and for the reciprocal constructs FIE—YFP (figure 3.9) and MEA—CFP 
(data not shown). The in vivo co-localization of MEA and FIE proteins  in the nucleus of 
plant cells, in addition to the demonstration of their physical interactions in yeast (figures 3.3 
and 3.4) and in vitro, is consistent with a MEA—FIE Pc-G protein complex occurring in vivo. 
3.7 Genetic interaction of FIE with CLF 
Unlike MEA, FIE is a single copy gene and is expressed after seed development during 
vegetative growth. This suggested that FIE could be a partner for the other plant E(z) 
members, CLF and CLK (EZA1). Consistent with this, CLF and CLK also interact with FIE 
in yeast (C. MacDougall and Y. Chanvivattana, unpublished). To determine if FIE and CLF 
interact genetically fie-21+ clf-2/clf-2 double mutant plants were generated. The fie-2 allele 
was introduced from a male parent in crosses to clf-2 plants since fie alleles cannot be 
transmitted maternally. If the female gainetophyte inherits the fie-2 allele the resultant 
embryo aborts; therefore fie-2 homozygous plants could not be generated. However, a 
reduced dosage of FIE might have an effect in a genetic background that is already 
compromised for a different member of the complex, i.e. CLF. Figure 3.10 compares the 
vegetative phenotype of clf-2/clf-2 plants with one or two FJE alleles, and shows that there 
is no effect of FIE' dosage. The developing seeds of clf-2/clf-2 fie-21+ plants were also 
examined but no enhancement or suppression of the fie phenotype was seen (data not 
shown). However, these results do not exclude a genetic interaction between FIE and CLF, 
as members of a common complex do not always show dosage effects. One example is the 




Figure 3.8 Co-localisation of FIE-CFI' and MEA-VFP Fusion Proteins. ('uwpei protopIist co-trantctcd with pMON-FIE-CFP 
and pMON-MEA-YFP. (a) FIE-CFP, (b) MEA-YFP, (c) chioroplast autofluorescence, (d) phase contrast microscopy. White arrows 
indicate the nucleolus. Co-localised FIE-CFP and MEA-YFP in the cytoplasm may be related to high levels of expression from the 
CaMV 35S promoter. 
Figure taken from Spillane et al., 2000. 
Figure 3.9 YFP-FIE Fusion Proteins are Nuclear Localised in Cowpea 
Protoplasts. Cowpea protoplasts transfected with pMON-FIE-YFP. Black arrows 
indicate nucleolus. (Image supplied by C. Spillane). 
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Figure 3.10 Altered dosage of HE in c/f background. a) c//12 
homozygote three weeks after germination. b) cif-2 homozygote 
four weeks after germination. c) clf-21clf-2fie-31+ three weeks after 
germination. d) clf-2/clf-2 JIe-31+ four weeks after germination. 
No effect of FIE dosage on c/f phenotype is seen. 
heterozygotes appear wild type, and ap3/+ pi/pi plants do not have a more severe phenotype 
than ±/-- pi/pi plants (Bowman et al. 1989). 
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3.8 Introduction: Novel FIE interactions 
The FIS proteins (FIE, MEA and FIS2) act together in a complex presumably to repress 
target genes. The PHERES] (PHEJ) gene encoding a MADS protein was recently identified 
as a target for FIE and MBA repression (KOhler et al. 2003). However, as none of the FIS 
proteins have been found to possess specific DNA-binding activity it remains unclear how 
this complex could be targeted to its target gene(s). It is known that one FIS complex is 
600kDa, and it has recently been shown that MSI 1 is a member of this complex. The 
MEA:FIE:MSI1 component of this complex is 169kDa (Köhler et al. 2003) and FIS2 has a 
molecular weight of 78 kDa. As these 4 proteins have not been shown to form homomeric 
dimers it suggests that other unidentified proteins might interact with the 3 FIS and MSI 1 
proteins. The complex could contain proteins that act to target the complex to its DNA 
target gene(s) (e.g. PHE]). To identify factors interacting with FIE that could function in 
this way, a yeast two-hybrid screen was carried out. FIE-DB was used as 'bait' and screened 
against a TA library constructed from Arabidopsis cDNA from roots, seedlings, flowers and 
siliques (a generous gift of Dr W.Crosby). 
3.9 Mapping the FIE interaction domain of RAP-1 
Of the 2x1 06  transformants screened, 24 putative FIE interacting proteins activated the HJS3 
reporter gene but only one of these activated both the HJS3 and lacZ reporter genes. The 
prey plasmid was isolated from this colony and sequenced and the interacting protein was 
identified as R-homologous Arabidopsis Protein-i (RAP-1), a member of the basic helix-
loop-helix (bFILH) superfamily of myc-like transcription factors (figure 3.11 a). In order to 
map the region of RAP-i sufficient for its interaction with FIE a series of TA-RAP-1 
deletion constructs were generated based on existing  restriction sites within the RAP-1 
cDNA (figure 2.2). These constructs were then co-transformed with DB-FIE into yeast host 
strain AH109 for two-hybrid analysis. Figure 3.12 shows that amino acids 234 to 353 show 
We 
border primer LBb 1 used to confirm the T-DNA insertion was prone to mispriming in 
standard PCR conditions, giving a band of 450bp (yellow arrow in figure 3.13a). However, 
increasing the annealing  temperature in the PCR programme to 62 °C enabled the correct 
priming of this oligonucleotidé. Figure 3.13a shows the identification of an individual 
homozygous for the T-DNA insertion in the line salk_0 17005. The fragment amplified was 
cloned and sequenced. The T-DNA insertion was found to be at nucleotide +1025 (relative 
to the ATG) as annotated on the SIGnAL website. Figure 3.13b shows the identification of 
individuals heterozygous for the T-DNA insertion in the line salk_06 1267. In this case the 
T-DNA specific primer 'salk border' was used instead of LBb 1. The insertion band was 
cloned and sequenced. The T-DNA insertion was found to be at nucleotide +935 (relative to 
the ATG), slightly upstream of that described on the SIGnAL website. The insert at +1025 
was designated rap-]-], and the insert at +935, rap-1-2. Both insertions are predicted to 
cause severe loss-of-function or null mutations, as they are upstream of the highly conserved 
bHLH domain that is probably essential for RAP-i function. The T-DNA insertions were 
also confirmed using Southern blot hybridisation (figures 3.14-3.15). Genomic DNA was 
extracted and digested with the restriction enzyme Bg1II. The high proportion of rap-1-2 
homozygotes shown in figure 3.14 was probably due to the fact that most of the plants used 
for DNA analysis had been previously selected for strong kanamycin resistance, which may 
have enriched for those carrying two T-DNA copies, as kanamycin resistance was weak in 
this line. 
Homozygous rap]-] and rapi-2 plants (confirmed by PCR) were examined for mutant 
phenotype. If the RAP-i interaction with FIE observed in yeast two-hybrid is biologically 
relevant one might expect to see a fie-like mutant phenotype such as seed abortion or 
autonomous endosperm development. However, no difference from wild type was observed 
(figure 3.16). Because FIE is likely to act with other Pc-G members after germination, 
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Figure 13.13 Identification of RAP-] T-DNA insertions by PCR. A) shows PCR 
of rap/-i sulk 017005 T-DNA insertion line. Red arrow indicates wild type band. 
Green arrow indicates insertion band. Yellow arrow indicates mis-primed arte fact 
band. The insertion was confirmed at + 1025 by sequence analysis. B) Shows PCR 
of single plants from rap 1-2 salk 061267 insertion line. For each individual, two 
PCR reactions are shown, the first using GSP 1 and LB to identify insert allele, the 
second using GSP 1 and GSP,to identify RAP-1 allele. Red arrow indicates wild 
type band. Green arrow indicates insertion band. The insertion was confirmed at 
+935 by sequence analysis. 
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Figure 3.14. Southern blot analysis of RAP-i insertion lines. A) Genoniic 
DNA from single plants from the Salk_061267 family was cut with BgI II and 
probed on a Southern blot with RAP-] sequence. The far right lane shows the 
wild type progenitor (Columbia) band. A T-DNA insertion is identified by a 
band shift. -/-, homozygous for the insertion at the RAP-] locus, +1+, wild-
type RAP-] locus. B) Diagram of RAP-] locus showing position of T-DNA 
insertion and probe. 
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Figure 3.15 Southern blot analysis of RAP-] insertion lines. A) Genomic 
DNA from single plants from the salk_0 17005 family was cut with Bgl II and 
probed on a Southern blot with RAP-1 sequence. The far right lane shows the 
wild type progenitor (Columbia) band. A T-DNA insertion is identified by a 
band shift. -I-, homozygous for the insertion at the RAP-] locus, +1+, wild-type 
RAP-] locus. B) Diagram of RAP-1 locus showing position of T-DNA insertion 
and probe. 
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Figure 3. 16 Developing Seed of wild type and rap-i mutants. DIC light microscopy of cleared developing seed. a) Wild 
type b) rap-i-i/rap-I-1, c) rap-1-21rap-I-2. Em Embryo, Cze - Chalazal endosperm, Sc - Seed coat, Me micropylar 
endosperm, Pe - Peripheral endosperm. 
whole plant phenotypes (for example, similarities to c/f mutants) were also characterised. 
However, no apparent vegetative or floral mutant phenotype was observed (data not shown). 
3.11 RAP-] redundancy 
The Arabidopisis genome has undergone much duplication and gene rearrangement during 
evolution (McGrath el al. 1993. Kowalski et al. 1994, Paterson et al. 1996. Lin et al. 1999, 
Mayer et al. 1999. Terryn etal. 1999, Blanc et al. 2000). Analysis of the completed genome 
sequences revealed many tandem gene duplications as well as larger scale segmental 
duplications on different chromosomes. This has led to the suggestion that Arabidopsis is 
descended from an ancient tetraploid, and has undergone whole genome duplication early on 
in the Arabidopsis lineage (Blanc et at. 2000). Consequently, the Arabidopsis genome is 
likely to contain a high proportion of functionally redundant genes. Numerous examples 
abound, for example the genes SEPI. SEP2 and SEP3 encode similar MADS-box 
transcription factors. These genes show a similar expression pattern in flowers, and behave 
redundantly so that single and double mutants show no phenotype (Pelaz et al. 2000). To 
identify which members of the bHLH family possess high primary sequence homology with 
RAP-1 and hence might share its biological function, a BLAST (Basic Local Alignment 
Search Tool) (Altschul et al. 1990) search was carried out on the Arahidopsis protein 
sequence database using the full-length RAP-1 protein sequence, and a phylogenetic tree was 
generated using CLUSTAL X (figure 3.17). bHLH5/ATR2. bHLH28, and bHLH4/AtMYC4 
were found to cluster in a sub-dade with RAP-l. The SIGnAL database at the time only 
contained T-DNA inserts in two of the genes: bHLH5/ATR2 and bHLH28. These two 
insertion lines were ordered and processed in the same way as previously described for rap-
1-1 and rap-1-2 to identify plants carrving T-DNA insertions (section 3.10). Unfortunately, 
PCR and Southern analysis showed that none of the 11 plants tested for line SALK_059620 
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Figure 3.17 Phylogenetic tree of bIILH family closest to RAP-1. The unrooted tree, 
constructed using Clustal W, shows the evolutionary relationships between RAP-1 (red) and its 
closest homologues. The tree was constructed using the entire length amino acid sequence of 
each protein. Numbers represent bootstrap values. 
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Figure 13.18 PCR analysis of Salk 059620 and 012763 family. A) shows PCR 
of DNA from 7 individual plants from bHLH28 Salk 059620 T-DNA insertion 
line. First 7 lanes show reactions using GSP 1 and GSP, to identify bHLH28 
allele. The second 7 lanes show reactions using GSP 1 and LB to identify insert 
allele. Red arrow indicates wild type band. No insertion was found. B) Shows 
PCR of DNA from 8 individuals from bHLH5 Salk 012763 insertion line. First 8 
lanes show reactions using GSP 1 and GSP, to identify bI-ILFI5 allele. The second 
8 lanes show reactions using GSP, and LB to identify insert allele Red arrow 
indicates wild type band. Green arrow indicates insertion band. The insertion was 
confirmed at -69 by sequence analysis. 
database has been wrongly annotated or that plants carrying the insertion were rare in this 
family and were not present in the small sample analysed. An insertion was found at the 
bI-ILH5/ATR2 locus (figure 3.18) but was upstream of the ATG start. The SIGnAL database 
describes the insertion at +122 (relative to the ATG) but it was found to be at —69. The allele 
was designated 'bhlh5-l'. It is thought that this insertion could still be mutagenic as it could 
interfere with promoter binding  or with translation in the 5 'UTR. 
Homozygous bhlh5-1 plants (confirmed by PCR) have a wild type phenotype (data not 
shown), and the developing seed display no sign of a mutant phenotype (figure 3.19). No 
loss-of-function alleles have been previously described, although one dominant allele has 
been characterized. The dominant atr2D mutation creates an aspartate to asparagine change 
at a position near the amino terminus of the protein (Smolen et al. 2002). atr2D plants 
display increased expression of several tryptophan genes as well as a subset of other stress 
related genes. However, overexpression of the mutant atr2D cDNA but not the wild type 
ATR2 gene in transgenic plants conferred pleiotropic effects, including reduced size, dark 
pigmentation, and sterility. Therefore, it was concluded that atr2D is likely to be an altered 
function allele and the wild type allele may not therefore be involved in tryptophan 
metabolism (Smolen et al. 2002). 
bhlh5-1 plants were crossed to rap-] plants to produce the double mutant, so that if there was 
functional redundancy between the two genes, the double mutant might reveal a loss-of-
function phenotype. However, it was found that plants homozygous for both mutant alleles 
(confirmed by PCR) do not show vegetative (data not shown) or developing seed (figure 
3.19) mutant phenotypes. 
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Figure 3. 19 Developing Seed of wild type and bhlh5 mutants. DIC light microscopy of cleared developing seed. a) Wild type, 
b) b/,1h51b/zlh5, c) bhlh5/bhlh5, rap-I-1/rap-I-I. Em - Embryo, Cze - Chalazal endosperm, Sc - Seed coat, Me - micropylar 
endosperm, Pe - Peripheral endosperm. 
3.12 Genetic interactions withfie 
To further test for a genetic interaction of RAP-] or bHLH51ATR2 with FIE in planta, the 
mutant alleles were introduced into a lie background to investigate whether the fie phenotype 
was modified. Plants heterozygous for fie produce 50% seed that display characteristic 
abnormalities as described previously (section 1.4). If RAP-i or bI{LH5 acts with FIE in a 
complex one might expect to see a genetic interaction, for example enhancement of seed or 
vegetative phenotype. To determine if FIE and RAP-i/b J-JLH5 interact genetically fie-21+ 
rap-i-i/rap-i-1, fie-21+ rap-1-21rap-1-2, fie-21+ bhlh5-i/bhlh5-1 double mutant plants were 
generated. The fie-2 allele was introduced from a male parent in the crosses since fie alleles 
cannot be transmitted maternally. If the female gametophyte inherits the fie-2 allele the 
resultant embryo aborts; therefore fie-2 homozygous plants could not be generated. 
However, a reduced dosage of FIE might have an effect in a genetic background that is 
already compromised for a different member of the complex, e.g. RAP-] or bHLH. Figure 
3.20 shows the phenotype of fie seed in rap-] and bh1h5-1 backgrounds. Again, no 
differences from the characteristic fie phenotype were observed: 50% of the seed aborted 
with a misshapen embryo and abnormal endosperm as seen in fie single mutant seed. The 
vegetative phenotype of these plants was also examined but no mutant phenotype was seen 
(data not shown). However, these results do not exclude a genetic interaction between FIE 
and RAP-] and bHLH5 for several reasons: members of a common complex do not always 
show dosage effects, RAP-] and bHLH5 may be redundant, and the rap-11bhlh5-1 phenotype 
may be subtle or not apparent with the growth conditions used. 
FIE is a single copy gene that is also expressed after seed development during vegetative 
growth. This suggests that FIE could be a partner for the other plant E(z) members besides 
MEA. Consistent with this, CLF and CLK also interact with FIE in yeast (C. MacDougall 





f AE 	 f Em 	 AE 	 / Em 
1 
I m 	 AEm 	 I 
j s 
• 	 y ,rjb1 	
4I 	 A 
ci) F6 ) 
P 	
iv. a)  
AE 	 Em 
1' 	 AE 	 Em 
AEm 	 AEm 
- 	
/ 
Figure 3.20 rap-] and b/il/iS in ajie background. DIC light microscopy of cleared developing seed. a) and b) show seed at the 
same time after fertilization, a) shows fie seed showing aborting embryo and abnormal endosperm, b) shows FIE' phenotype i.) 
bhlh51bhlh5fie1+, ii.) rap-I -2/rap-1-2 fie/+, ill.) rap-i-i/rap-i-i fie/+, iv)fiil+. Em - Embryo, AEm- Abnormal embryo, Sc - Seed 
coat, AE - Abnormal Endosperm. 
potential for genetic interaction between RAP-] and CLF in planta. rap-]-] and rap-1-2 
were therefore crossed into the clf background (cf5O).  One in 16 of the F2 individuals will 
be homozygous for both rap-] and cif and may show an enhancement of the cif phenotype. 
However, no such effect was observed (figure 3.21). In both crosses a ratio of 3:1 wild 
type:clf phenotypes was observed (rap-1-21clf5O: 2=2.748 ld.f. p>0.1, rap-i-i1clf50: 
X2=0. 162 ld.f. p>0.5). The bhlh-5-1 allele was also crossed into a clf background (cif 2), 
and a ratio of 3:1 wild type:clf was observed (70:24, x2=0.014  ld.f. p>0.9). Figures 3.22a-c 
show representatives from the F2 population. Figure 3.22d shows a clf-2/clf-2 individual of 
the same age. Figures 3 .22e-f show the same plants 2 weeks later. Two classes of cif 
severity were observed. The weaker cif class (figure 3.22b) does not correspond to the 
expected frequency of a double mutant, 1 in 16 (observed = 70 wt: 9 severe cf 15 weaker 
clf, X 2= 18.397, 2 d.f. p<O.00S). However, wild type Columbia and clf-2 crosses need to be 
made for comparison in order to establish if the classes of cif severity observed could be 
attributed to the mixed ecotypes of Columbia and Landsberg erecta in the F2 population. 
Also, it cannot be excluded that the weaker clf phenotype corresponds to a clf-2 phenotype in 
a mixed background, and the stronger clf-2 phenotype (figure 3.22c) corresponds to the 
double mutant (expected frequency 1 in 16) (observed = 70 wt: 15 severe c/f. 9 weaker c/f, 
expect 70.5: 17.625: 5.875, 2=2.057, 2d.f, p>O.i). Taken together these results do not 
support a genetic interaction between CLF and RAP-i. 
3.13 RAP-] expression pattern 
In situ hybridisation was carried out to examine the expression pattern of RAP-i. A region 
of the RAP-] cDNA that is poorly conserved was identified, so as to minimise cross 
hybridisation of the probe with homologous genes. This region was subcloned into 
pBluescript SK+ and KS and labelled RNA probe were generated by in vitro transcription 
incorporating digoxygenin- 11 -UTP and hybridised to sections of Arabidopsis inflorescence. 
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Figure 3.21 Phenotypes in F2 of raj)-] X dJS() cross. A) c/J5 U/cl/it) ('Ns). B) rap-i-I x I1iu 1-2 ppuIation. 1. Wild type 
phenotype n=233. ii. cif phenotype n95. C) rap-1-2 x c1J50 F2 population. i. Wild type phenotype 1154. ii. cif 
phenotype n=20. 
Figure 3.22 Genetic analysis between b/si/iS-i and clf-2. a)-c), bhlh5-I x 
cif-2 F2 population (4 weeks old). d) clf-2/clf-2 (Lansberg erecta) (4 weeks 
old). e) clf-2/cif-2 (Lansberg erecta) (6 weeks old). bhlh5-1 x clf-2 F2 
population (6 weeks old). i. n=70, ii. n=15, iii. n=9. 
Figure 3.23. RAP-1 in situ hybridisation. A RNA probe was designed to minimise 
cross hybridisation with homologous genes. In vitro transcribed anti-sense and sense 
RNA probe was non-radioactively labelled with digoxygenin-1 I -UTP and hybridised 
to longitudinal sections of wild type Arabidopsis inflorescence. a) Anti-sense. Dark 
staining representing mRNA can he seen as a diffuse pattern but is most intense in 
the vasculature. b) Sense. 
Figure 3.23 shows a cross-section through the inflorescence hybridised with anti-sense RAP-
1 probe. Dark staining representing mRNA can be seen as a diffuse pattern but is most 
intense in the vasculature. Sense RAP-] probe shows no dark staining. 
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Chapter 4. The requirement for FIE in the embryo and 
endosperm 
4.1 Introduction 
Analysis of FIE expression (by in situ hybridisation) shows that it is expressed in both 
embryo and endosperm during early seed development, but not in the developing seed coat 
(Spillane et al. 2000). At the octant stage of embryo development, FIE mRNA is localized 
in the embryo proper but not the suspensor. In the developing endosperm, FIE mRNA is 
weakly expressed in free endosperm nuclei covering the micropylar region of the embryo 
sac, but is abundant in the chalazal nodules. The distribution of FIE mRNA in developing 
seed is therefore consistent with it functioning in both early embryo and endosperm 
development after fertilization. Although aborting fie seed show defects in both endosperm 
and embryo development (sections 1.4 and 1.5), the embryo relies on the endosperm for 
nourishment and signals (section 1.3.1). This raises the possibility that embryo arrest could 
be an indirect consequence of defects in endosperm development. 
Occasionally, mea/mea or fis2/j1s2 plants are obtained, but never fie homozygotes. Unlike 
MEA and FIS2, FIE is a single copy gene, so mea and J1s2 may just have a weaker phenotype 
due to redundancy, for example with CLK or EMF2 respectively. Alternatively, FIE may 
have additional functions in the embryo, consistent with its expression there. In order to 
establish the requirements for FIE in the embryo and endosperm I used a strategy to target 
FIE expression to specific domains of the seed. For example, one aim was to express FJE+ 
in the endosperm of a fie seed. This was intended to reveal the requirement for FIE in the 
embryo when the surrounding endosperm has FJE+ activity. 
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4.2 Targeted gene expression strategy 
Based on a method widely used in Drosophila (Brand and Perrimon, 1993), Jim Haseloff 
and colleagues developed a strategy for targeted gene expression in Arabidopsis thaliana. A 
collection of transgenic Arabidopsis lines  was generated that stably express a chimeric 
transcriptional activator comprising of the DNA binding domain of the yeast activator GAL4 
and a highly acidic portion of the herpes simplex virus protein VP 16 (Sadowski et al. 
1988). The GAL4-VP16 activator is used to coordinate expression of a linked GREEN 
FLUORESCENT PROTEIN (GFP) gene in particular cell types, and can in turn be used to 
drive target gene expression in those cells. A transformation vector was designed so that 
expression of the transcriptional activator, GAL4-VP 16, would be dependent upon the 
fortuitous proximity of an Arabidopsis enhancer element when randomly inserted into the 
Arabidopsis genome by Agrobacterium tumefaciens-mediated transformation. However, it 
was found that due its high AT content, GAL4-VP 16 is poorly expressed in Arabidopsis; the 
codon usage was therefore altered so that it is expressed more efficiently in Arabidopsis 
(http://www.plantsci.carn.ac.uk/Haseloff/GAL4/mGAL4.html) . The GFP reporter gene is 
under the control of the GAL4 upstream activating sequence (UAS) to give the 'driver' 
(figure 4.1a). However, it was found that due to a cryptic splice site GFP is not expressed 
well in Arabidopsis and that the small protein is dispersed throughout the cytoplasm and 
nucleoplasm. The sequence was therefore altered to produce the variant mGFP5 that 
expresses more efficiently in Arabidopsis, and is targeted to the endoplasmic reticulum (ER) 
to limit free-radical damage to the plant (Haseloff et al. 1997). GFP (originating from the 
jellyfish, Aequorea Victoria) is ideal for use as a biological marker in living cells as it is 
small, relatively non-toxic and causes limited perturbation of the cells it is expressed in. 
When expressed in Arabidopsis the protein can be visualised directly by fluorescence and 
confocal microscopy. A chosen target gene can be placed under the control of GAL4 
upstream activation sequences (UAS), introduced into plants by Agrobacterium mediated 
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Figure 4.1 Targeted gene expression strategy. a) mGFP5 expression is dependent upon 
GAL4-VP16. When randomly inserted into the Arabidopsis genome GAL4-VPI6 is driven 
by the fortuitous proximity of an Arabidopsis enhancer element, allowing for tissue specific 
GAL4-VPI6 and mGFP5 expression. b) The driver line can be crossed into a slave line 
carrying the gene of interest (in this case FIE) under the control of GAL4 to allow for 
coordinated tissue specific expression of the gene of interest. 
 
 
transformation, to give a 'slave', which is usually transcriptionally dependent on GAL4 
activity (figure 4. ib). 
4.3 Enhancer-trap lines conferring localised GFP expression during 
seed development 
The collection of enhancer-trap lines generated by Jim Haseloff were screened by Fred 
Berger (ENS, Lyon) and Gwyneth Ingram (ICMB, Edinburgh) to identify individuals with 
distinct and stable patterns of GAL4-VP 16 and GFP expression in the endosperm or embryo 
of the developing seed. I chose three driver lines for use, based on their localised GFP 
expression within specific regions of the developing seed (figures 4.2-4.4). 
Embryo specific expression 
Figure 4.2 shows the GAL4\TP 16 enhancer trap line 9104. Expression of the ER-targeted 
variant mGFP5 is seen early on in seed development in the suspensor, and in some of the 
surrounding maternal tissue (figure 4.2a). Later during development, GFP expression is seen 
in the suspensor, in some of the surrounding tissue and in the embryo proper (figure 4.2b). 
GFP expression persists in the vasculature of the mature embryo (figure 4.2c). No 
expression was observed in the endosperm at any stage during development. 
Early endosperm expression 
The GAL4-VP 16 enhancer trap line K22 expresses the ER-targeted variant mGFP5 in the 
endosperm of the developing seed (figure 4.3). This highlights the ER-rich MCE and CZE 
and the NCD in the PE during early seed development (figure 4.3a-c). Nuclei appear as 
black circles surrounded by green nuclear envelopes. When the embryo reaches the heart 
and early torpedo stage in development, expression is restricted to the embryo-surrounding 
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Figure 4.2 Embro specific (,FP expression in driver line 9104. Confocal sections ol developing seed. (iF P fluorescence is seen 
as green, chlorophyll autofluorescence is seen as red. a) Expression of the ER-targeted variant mGFP5 is seen early on in seed 
development in the suspensor, and in some of the surrounding maternal tissue. b) Later during development GFP expression is seen in 
the suspensor, in some of the surrounding tissue and throughout the embryo proper. c) The GFP expression persists in the vasculature 






Figure 4.3 Early endosperm specific GFP expression in driver line k22. Confocal 
sections of developing seed. GFP fluorescence is seen as green, chlorophyll 
autofluorescence is seen as red. Expression of the ER-targeted variant mGFP5 is 
restricted to the endosperm of the developing seed. a)-c) The GFP highlights the ER-
rich NICE, CZE and the NCD in the PE during early seed development. Nuclei appear 
as black circles surrounded by green nuclear envelopes. d) and e) GFP expression is 
restricted to the embryo-surrounding region (ESR) as the embryo reaches the heart and 
early torpedo stage in development. f) No expression is observed after the torpedo 
stage. MCE = mycropylar endosperm, CZE = chalazal endosperm, NCD = nuclear 
cytoplasmic domain, PE = peripheral endosperm, EM = embryo. 
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Figure 4.4 Expression of GFP in driver line 9185 during late endosperm 
development. Confocal sections of developing seed. GFP fluorescence is seen 
as green, chlorophyll autofluorescence is seen as red. a)-d) Show progressively 
later developmental stages. GFP expression is restricted to endosperm of the 
ESR. Expression begins after the heart stage and persists in the mature seed 
until desiccation. ESR = embryo surrounding region. 
region (ESR) (figure 4.3d and e). No expression is observed after the torpedo stage (figure 
4 . 30. 
iii . Late endosperm expression 
The GAL4-VP16 enhancer trap line 9185 expresses the ER-targeted variant mGFP5 in the 
endosperm of the ESR of the developing seed (figure 4.4). Expression begins after the heart 
stage and persists in the mature seed until desiccation. 
Seed development in these three driver lines appeared normal, confirming that the T-DNA 
insertion and GFP expression were without obvious phenotypic consequence (data not 
shown). 
4.4 Expression of paternally inherited enhancer-trap lines 
A delayed activation of the paternal genome during seed development has been reported by 
Vielle-Caizada et al. (2000). Using reciprocal crosses between wild type plants and 
enhancer trap lines carrying a GUS reporter gene they demonstrated an absence of paternal 
expression in the 20 loci tested up to 80 hours after pollination. As the loci were distributed 
throughout the genome and were functionally diverse they suggested that there is a genome-
wide delayed activation of the paternal genome and so early embryo and endosperm 
development are mainly under maternal control. Weijers et al. (2001), however, show that 
for one transgene at least, paternal expression in embryos occurs as early as the two-cell 
stage. They measured uniparental gene activity by monitoring transgene expression in 
embryos from reciprocal crosses. They used a GUS reporter transgene driven by the 
promoter of the gene encoding the small-ribosomal-subunit protein 5A, which is strongly 
expressed during early seed development. Fertilization of wild type egg cells with 
transgenic pollen resulted in detectable GUS expression in most embryos as early as the two-
cell stage. They also looked at the early acting double-mutant knolle keule, in which 
cytokinesis is blocked from fertilization onwards, resulting in morphologically distinct 
mutant embryos as early as the one cell stage. They found that selfing knolle keule 
heterozygous plants gave the expected one-quarter of mutant embryos (knolle keule are 
closely linked) (Waizenegger et al. 2000), whereas almost all embryos from wild type 
pollination were normal. Weijers et al. (2001) concluded that functional paternal alleles are 
sufficient to rescue defective maternal alleles from as early as the two-cell stage. More 
recently, Baroux et al. (2001) used the more sensitive (compared with GUS) BARNASE 
reporter gene and found that several paternally inherited transgenes are expressed during 
very early embryogenesis (two-cell stage) but at low levels and are gradually activated, 
reaching the equivalent level of maternal expression around the mid-globular stage. They 
concluded that this phenomenon likely corresponds to a global paternal effect. Taken 
together these results suggest that contributions by the maternal and paternal genome to early 
seed development are not equivalent; there is a global mechanism for parental genome 
silencing/attenuation that is alleviated around the mid-globular stage of embryo 
development, but specific genes that are important in early development may be specifically 
activated earlier in development. 
Yadegari et al. (2000) report that after pollinating wild type plants with FIE: :GFP pollen, no 
GFP fluorescence is detected until the 100 NCD stage of endosperm development. 
Assuming that the FIE: . GFP reporter faithfully mimics the expression of the endogenous 
FIE gene, this suggests that expression of the paternal FIE allele is delayed during seed 
development (a phenomenon which may be common to many genes, as discussed above). 
Paternal FIE+ alleles cannot rescue the seed lethality of maternal fie- alleles, suggesting that 
FJE+ activity is required very early in seed development, before the 100 NCD stage. This 
was clearly relevant for the rescue strategy used in this study, as it implied that GAL4- VP] 6 
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inherited paternally might not be active early enough in seed development. I therefore 
characterised the expression of the driver lines when paternally inherited. 
If the driver lines used show late paternal expression of the transgene, then the expected 
frequency of rescue in seed of self pollinated hemizygotes will be reduced, as only maternal 
copies will be activated sufficiently early. The paternal activation of the GAL4 gene in the 
driver lines k22, 9185, and 9104 was investigated by emasculating wild type plants and 
fertilizing with pollen from the driver lines. GFP expression was not observed in the embryo 
specific line 9104 until three DAP (days after pollination) (globular-stage embryo) and 
thereafter was maintained throughout embryogenesis (figure 4.5). This indicates that the 
9104 GAL4 transgene could be affected by the global paternal silencing/attenuation reported 
by Baroux et al. (2001) but is not paternally silenced beyond this early stage of development. 
It is possible that the transgene may be expressed before 3 DAP but at levels undetected by 
confocal microscopy. It is not clear if maternal expression begins before 3 DAP because the 
strong expression in surrounding maternal tissue masks the internal tissues. Expression of 
the K22 GFP marker gene was seen at 2 DAP (pre-globular stage embryo) (data not shown), 
and was expressed in a similar temporal and spatial pattern to homozygous selfed seed 
although at a lower level and disappeared at 5 DAP (figure 4.6), indicating that the k22 
GAL4 transgene may not be paternally silenced at all. Interestingly, the late endosperm 
marker 9185 showed no paternal GFP expression at any stage of seed development (figure 
4.7). This suggested that the enhancer that drives expression of the GFP in line 9185 is 
imprinted such that only the maternal allele is expressed. As rather few imprinted genes 
have been identified in Arabidopsis thaliana it would be very interesting to isolate the DNA 
flanking the T-DNA insert in this line. 
Figure 4.5 GFP expression Ironi the paternal allele in driver line 9104. Uonlcal 
sections of developing seed. GFP fluorescence is seen as green, chlorophyll 
autofluorescence is seen as red. GFP fluorescence is observed as early as three DAP (days 
after pollination) (globular-stage) and was maintained throughout embryogenesis. a) 3 
DAP, b) 4 DAP, c) 5 DAP, d) 6 DAP, e) 7 DAP, 1) 8 DAP. 
Figure 4.6 (F'P expression from the paternal allele in driver line k22. Contbcal sections ol developing seed. 
GFP fluorescence is seen as green, chlorophyll auto fluorescence is seen as red. Paternal GFP is expressed in a 
similar temporal and spatial pattern to homozygous selfed seed although at a lower level and disappeared at 5 
DAP. a) Homozygous maternal and paternal expression 3 DAP. b) Paternal expression 3 DAP. c) Paternal 
expression 4 DAP. 
Figure 4.7 GFP expression from the paternal allele in driver line 9185. 	()nlocal ectIn ()I dc\ ehpiiig ciI. (I P Ilure'ccncc 
is seen as green, chlorophyll autofluorescence is seen as red. No paternal GFP expression was seen at any stage throughout seed 
development, a) 5 DAP (days after pollination). b) 6 DAP. c) 7 DAP. d) 8 DAP. 
4.5 Effects of fie on driver line GFP expression 
For some enhancer trap lines at least, GFP expression is perturbed in a fie mutant 
background. This might have consequences for the rescue strategy, particularly if the 
changes arise very early in seed development. Sorensen et al. (2001) reported ectopic GFP 
expression in driver line KS 117 when expressed in fie seed. Heterozygous fie/+ plants, 
hemizygous for the KS 117 T-DNA insertion were self-pollinated and the resulting seed 
analysed. In wild type seed GFP expression was restricted to the CZE at the globular and 
heart embryo stages. fie seed were characterized by a high and uniform expression of GFP 
marker in all parts of the endosperm. After the heart-stage of embryo development, GFP 
expression remained high in all parts of the endosperm, and the fie CZE cyst and nodules 
exhibited a very strong fluorescence relative to that of the wild type (Sorensen et al. 2001). 
To investigate whether the driver lines k22, 9104, and 9185 showed similar changes, 
homozygous driver lines were fertilized with pollen from fie/+ heterozygotes. fie/+ Fl 
progeny were identified and the F2 seed examined for GFP expression. The embryo specific 
driver line (9104) showed no change in the pattern of GFP expression in the fie background. 
GFP is expressed in the aborting embryo throughout embryogenesis, and no expression is 
seen in the endosperm at any stage (figure 4.8). In a fie background, the early endosperm 
specific driver line (k22) is expressed throughout the CZE, NICE and PE in a similar pattern 
to wild type although at higher levels and more persistently, and no expression is seen in the 
embryo at any stage (figure 4.8). The endosperm-specific driver line (9185) confers GFP 
expression in the ESR of the aborting embryo in ajIe background as well as the chalazal pole 
(figure 4.8). So it appears that the enhancer trapped in line 9185 shows ectopic expression in 
a fie background, although the expression is still endosperm specific, whereas the GFP 
expression patterns of driver lines 9104 and k22 are not altered spatially and are consistent 
with the morphological changes observed infie aborting seed. 
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Figure 4.8 Effect offie on driver line expression patterns. Conlocal sections of 
developing seed. GFP fluorescence is seen as green, chlorophyll autofluorescence 
is seen as red. Seed from each line are from the same silique. a) to b) Embryo 
specific line 9104. a) FIE+ embryo. b)J1e embryo. No ectopic expression of the 
GFP marker is observed. c) Early endosperm specific line k22. Right hand seed 
(FIE+) shows an early walking stick stage embryo and no GFP expression in the 
endosperm. Left hand seed (fie -) shows endosperm at a earlier developmental 
stage than wild type sibling, with strong GFP expression in all areas of the 
endosperm. d) to e) Late endosperm specific line 9185. d) FIE+ seed, GFP is 
expressed in the ESR. e) fie - seed. GFP is expressed in the ESR of the aborting 
embryo in afie background as well as the chalazal pole. 
46 Generation of UAS::FIE 'slave' lines 
The FIE cDNA was subcloned between a GAL4 UAS promoter and a NOS (nopaline 
synthase) terminator. This construct was introduced into the pBIBHygR  binary vector 
(Becker 1990) conferring Hygromycin resistance as a plant selectable marker (which allows 
it to be followed independently of the kanamycin resistant driver), and introduced into 
Agrobacterium. The construct was then introduced into fie-2/+ plants (Ler background) by 
Agrobacterium mediated transformation. The transformed Ti seed were then germinated in 
sterile tissue culture media containing Hygromycin to select primary transformants. Around 
30 transformed Ti plants were recovered, some of which carried the fie-2 mutation. T2 seed 
were then sown on plant tissue culture plates containing Hygromycin and segregation data 
recorded to estimate the number of transgene insertion sites. T2 Hyg' plants carrying T-
DNA insertions at one (or in one case, two) loci (table 4.1) were crossed as males to the 
endosperm specific driver lines k22 and 9185, and to the embryo specific driver line 9104. 
Table 4.1 T2 segregation data. The ratios are consistent with single locus insertions, 
except for line 14.2, which likely has inserts at two unlinked loci. 
Unfortunately, it was later established that slave line 13.1 did not contain the T-DNA 
insertion, and that slave line 27.1 conferred an embryo lethal phenotype (figure 4.9). Line 
14.2 however, displayed 50% wild type and 50% aborting fie seed, and both phenotypes 
appeared unchanged by the T-DNA insertion (figure 4.9). All the data below corresponds to 
the slave line 14.2. 
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Figure 4.9 Seed development in (]AS::FJE slave hues, a 10 c) I )ft I ighi microscopy o  cleared de\ eloping seed a) I me 1-4.2, F/El 
seed. b) Line 14.2,Jle seed. c) and d) Line 27.1, FIE+ seed. Segregated 25% seed with an embryo lethal phenotype. Shown here is 
an abnormal heart shaped embryo. d) Line 27.1 dissected silique. Arrows indicate seed displaying embryo lethality and normal 
endosperm. Em = embryo 
4.7 Experimental strategy 
Slave lines (14.2) carrying the UAS: :FIE insert and segregating for fie-2 were crossed as 
males to the three driver lines described above. F 1 plants were then selected for driver (GFP 
fluorescence), slave (a Hygromycin resistance ratio of 3:1), and the fie phenotype of seed 
abortion. Plants carrying all three traits were selfed, and the resulting F2 seed were again 
selected on Hygromycin to monitor the presence of the UAS: :FIE insertion. F2 plants were 
also screened for GFP expression and the fie phenotype. Seed homozygous for both driver 
and slave insertions were identified and seed from a F3 family (F4 generation) carrying the 
embryo specific driver were examined for aberrant seed abortion ratios and developing seed 
phenotypes. However, due to time constraints homozygous F3 plants of the two endosperm 
specific driver lines were not examined, only the segregating F2 families (F3 seed) were 
characterised. 
Targeted expression of the FIE transgene specifically in the embryo or endosperm in a fie 
background could give rescue of the seed abortion phenotype. In this case JIe/+ plants 
homozygous for both driver and slave transgenes will show 100% seed viability. If 
hemizygous for the driver transgene, then it is likely that only seed inheriting the transgene 
maternally will be rescued, giving 25% seed abortion, whilst plants hemizygous for both 
transgenes would display around 37.5% seed abortion. Other factors to consider are that the 
driver and slave transgenes may be linked to the FIE+ allele on chromosome III, skewing 
the abortion ratios, or that the GAL4 UAS promoters may become silenced, especially in 
advanced generations of homozygous lines. This can occur due to post-transcriptional gene 
silencing (PTGS) of the transgenes, a phenomenon that can be induced by highly transcribed 
sense transgenes (S-PTGS) (Vaucheret et al. 1997 and Que et al. 1997) or by transgene loci 
producing double-stranded RNA (dsRNA) due to the presence of inverted repeats (IR-PTGS) 
(Stam et al. 1998, Waterhouse et al. 1998, Chuang and Meyerowitz 2000, and Sijen et al. 
2001). It should also be considered that the F3 and F4 seed characterised in this study is of a 
mixed background (ecotypes C24 and Ler), and as such may harbour genes modifying thefie 
phenotype (some such modifiers have been reported for the mea phenotype in different 
ecotypes (Vielle-Caizada et al. 1999)). 
4.8 Seed abortion ratios 
Embryo specific 
49 F3 plants segregating for fie, homozygous for the driver line  9104 GFP transgene and 
hemizygous for UAS.:FIE (14.2) were examined. 61% (30/49) displayed a seed abortion 
phenotype, suggesting they carried the fie-2 mutation. This percentage is not significantly 
different from 50% (x2 = 2.47, 1 di, P = < 0-5), signifying that the fie+ mutation is 
segregating with the expected ratio of 1:1. 17% (5/3 0) of the fie/+ plants displayed 
significantly lower abortion ratios compared with the expected 50% (table 4.2), some as low 
as 40%, indicating that some rescue of thefie- phenotype may be occurring. 
Early endosperm specific 
48 F2 plants segregating for fie, hemizygous for both driver line k22 GFP transgene and 
UAS: :FJE were examined. 60% (29/48) displayed a seed abortion phenotype, suggesting 
they carried the fie-2 mutation. This percentage is not significantly different from 50% (x2 = 
2.08, 1 d.f., P < 0. 1), again suggesting that the fie+ mutation is segregating in the expected 
ratio of 1:1. Of the fie-/+ plants, 21% (6/29) displayed significantly lower abortion ratios 
compared with the expected 50% (table 4.3), some as low as 29%, indicating that some 
rescue of the fie- phenotype may be occurring. 
Overall there is a lower frequency of driver line GFP expression seen, which could be 
attributed to silencing of the transgene, but is most probably due to mis-scoring, as the 
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rr'r Aborted 
Wild type Total aborted 2(3.d.p) P< 
4/1 182 205 387 47 1.367 
4/5 163 249 412 40 17.951 0.005 
4/6 207 239 446 46 2.296 
4/7 180 186 366 49 0.098 
4/9 224 281 505 44 6.434 0.025 
4/12 158 181 339 47 1.560 
4/13 122 138 260 47 0.985 
4/15 188 193 381 49 0.066 
4/16 118 158 276 43 5.797 0.025 
4/18 171 204 375 46 2.904 
4/19 130 169 299 43 5.087 0.025 
4/21 157 174 331 47 0.873 
4/22 173 203 376 46 2.394 
4/26 91 105 196 46 1.000 
4/29 101 93 194 52 0.330 
4/30 99 86 185 54 0.914 
4/31 115 130 245 47 0.918 
4/32 95 120 215 44 2.907 
4/33 100 101 201 50 0.005 
4/34 113 112 225 50 0.004 
4/35 73 68 141 52 0.177 
4136 114 130 244 47 1.049 
4/38 104 114 218 48 0.459 
4/43 112 133 245 46 1.800 
4/44 111 127 238 47 1.076 
4/45 131 133 264 50 0.015 
4/46 122 152 274 45 3.285 
4/48 100 138 238 42 6.067 0.025 
4/49 122 140 262 47 1.237 
4/50 143 140 283 51 0.032 
Table 4.2. Seed abortion ratios for F4 seed from crosses involving the embryo specific 
driver line (9104). x2  values were calculated for an expected abortion ratio of 50%. 
Probability (P) that observed results differ from expected is only shown for those with 
significant differences (P< 0.05). This F3 family was homozygous for both driver and slave 
transgenes. Plants segregating a fie phenotype were identified by examining developing 
seed. Those emboldened did not display abnormally large seed. (FIE+ plants are not 
shown). The plants above are all siblings of progeny of a single F2 plant, i.e. 4/36 is plant 36 






Aborted Wild type Total 
Percent 
 aborted (3 d.p.)  
30/1 hemizygous 70 66 136 51 0.118  
30/4 hemizygous 117 123 240 49 0.150  
30/5 hemizygous 55 122 177 31 25.361 0.005 
30/6 hemizygous 130 141 271 48 0.446  
30/7 hemizygous 250 288 538 46 2.684  
30110 hemizygous 105 98 203 52 0.241  
30/12 hemizygous 98 124 222 44 3.045  
30/14 hemizygous 103 115 218 47 0.661  
30/15 hemizygous 131 174 305 43 6.062 0.025 
30/16 none 134 133 267 50 0.004 1 
30/17 hemizygous 120 110 230 52 0.435  
30/18 hemizygous 149 140 289 52 0.280  
30/19 hemizygous 118 106 224 53 0.643  
30/20 none 246 274 520 47 1.508  
30/26 homozygous 66 162 228 29 40.421 0.005 
30/27 1 hemizygous 80 87 167 48 0.293  
30/28 hemizygous 66 90 156 42 3.692 
30/31 homozygous 126 219 345 37 25.070 0.005 
30/33 hemizygous 242 316 558 43 9.814 0.005 
30/34 hemizygous 61 62 123 50 0.008  
30/36 hemizygous 117 113 230 51 0.070  
30/40 1 	none 114 116 230 50 0.017  
30/41 hemizygous 105 102 207 51 0.043  
30/42 homozygous 60 147 207 29 36.565 0.005 
30/44 hemizygous 73 84 157 47 0.771  
30/46 none 111 136 1 	247 1 	45 	1 2.530  
30/48 hemizygous 91 101 192 47 0.521  
30/49 homozygous 124 127 251 49 0.036  
30/50 none 155 158 313 50 0.029  
FIE+ plants 
30/2 none 0 
30/3 none 0 
30/9 none 0 
30111 hemizygous 0 
30/13 hemizygous 0 
30/21 1 	none 0 
30/22 hem izygous 0 
30/23 none 0 
30/25 none 0 
30/29 hem izygous 0 
30/30 hemizygous 0 
30/32 none 0 
30/35 hemizygous 0 
30/37 none 0 
30/38 none 0 
30/39 none 0 
30/43 homozygous 0 
30/45 none 0 
30/47 hemizygous 0 
Table 4.3. Seed abortion ratios for F3 seed from crosses involving the early endosperm 
specific driver line (k22). x2  values were calculated for an expected abortion ratio of 50%. 
Probability (P) that observed results differ from expected is only shown for those with 
significant differences (P> 0.05). Those emboldened did not display abnormally large seed. 
developing seed were screened at a young age when they could easily be damaged during 
silique dissection. 
iii. Late endosperm specific 
48 F2 plants segregating for fie, hemizygous for both driver line 9185 GFP transgene and 
UAS::FJE were examined. 58% (28/48) displayed a seed abortion phenotype, indicating 
they carried the fie-2 mutation. Again, this percentage is not significantly different from 
50% (x2 = 1.33, 1 d.f., P < 0.5), signifying that the fie+ mutation is segregating in the 
expected ratio of 1:1. Of the fie-/+ plants, 22% (6/27) displayed significantly lower abortion 
ratios compared to the expected 50% (table 4.4), some as low as 38%, suggesting that some 
rescue of thefie- phenotype may be occurring. 
2/27 (7.4%) of the plants displaying a fie phenotype appeared homozygous for the driver 
transgene, compared with 10/20 (50%) of the FIE+ plants (table 4.4). Although this is not 
significantly different from the expected Mendelian 1:2:1 segregation of the driver transgene 
in the fie-/+ plants (x2 = 3.111, 2 di P< 0.5), it is significantly different in the FIE+ set (x2 
= 8.8, 2d.f., P< 0.005), suggesting that the driver line 9185 transgene might be linked to the 
FIE+ allele on chromosome III. 
If the fie- phenotype of embryo abortion was due to the absolute requirement of FIE in either 
the embryo or endosperm, one might expect to see a difference in the proportion of plants 
displaying lower abortion ratios depending on each driver line used. For example, if FIE is 
not required in the endosperm, but only in the embryo, one would expect no rescue of 
embryo abortion in the crosses involving the endosperm specific drivers, k22 and 9185. 
However, the fact that fie rescue was observed with all three driver lines suggests that either 
FIE is required in at least one of the tissues, or that the UAS: :FIE transgene in the slave line 







Aborted Wild type Total 
Percent 
 aborted (3d.p.)  
230/1 hemizygous 129 181 310 42 8.723 0.005 
230/2 none 127 144 271 47 1.066  
230/4 hemizygous 86 81 167 52 0.150  
230/5 hemizygous 154 200 354 44 5.977 0.0.25 
230/6 hemizygous 197 210 407 48 0.415  
230/8 none 127 151 278 46 2.072  
230/10 hemizygous 149 237 386 39 20.062 0.005 
230/15 hemizygous 165 169 334 49 0.048  
230/16 none 93 108 201 46 1.119  
230/18 hemizygous 178 213 391 46 3.133  
230/19 hemizygous 108 156 264 41 8.727 0.005 
230/21 hemizygous 191 174 365 52 0.792  
230/22 hemizygous 115 114 229 50 0.004  
230/23 none 104 84 188 55 2.128  
230/24 none 96 90 186 52 0.194  
230/25 hemizygous 112 135 247 45 2.142  
230/26 homozygous 146 140 286 51 0.126  
230/27 hemizygous 199 202 401 50 0.022  
230/28 hemizygous 135 128 263 51 0.186  
230/30 hemizygous 142 200 342 42 9.836 0.005 
230/31 none 185 179 364 51 0.099  
230/37 1 homozygous 121 126 247 50 0.101  
230/39 hemizygous _103 104 207 50 0.005  
230/40 hemizygous 118 193 311 38 18.087 0.005 
230/42 hemizygous 176 192 368 48 0.696  
230/47 none 138 143 281 49 0.089  
230/49 hemizygous 1 	115 1 	117 232 1 	50 0.017  
FIE'- plants 
230/3 homozygous 0 
230/7 homozygous 0 
230/11 none 0 
230/12 homozygous 0 
230/13 none 0 
230/14 homozygous 0 
230/17 none 0 
230/20 homozygous 0 
230/32 hemizygous 0 
230/33 none 0 
230/34 hemizygous 0 
230/35 hemizygous 0 
230/38 hemizygous 0 
230/41 none 0 
230/43 none 0 
230/44 homozygous 0 
230/45 homozygous 0 
230/46 homozygous 0 
230/48 homozygous 0 
230/50 homozygous 0 
Table 4.4. Seed abortion ratios for F3 seed from crosses involving the late endosperm 
specific driver line (9185). x2  values were calculated for an expected abortion ratio of 50%. 
Probability (P) that observed results differ from expected is only shown for those with 
significant differences (P> 0.05). Those emboldened did not display abnormally large seed. 
activation. However, as some seed abortion percentages are lowest (29%) in the early 
endosperm specific cross, it suggests that FIE might be required in the early endosperm in 
particular in wild type plants. However, further crosses with independent UAS. :FIE slave 
lines would need to be carried out to support this. 
4 Novel phenotype in lines carrying UAS::FIE 
In all three crosses, most of the plants (90% for 9104, 79% for k22, 56% for 9185, tables 4.2 
to 4.4) segregating for fie produced some seed which were larger than wild type, and were 
often misshapen (figures 4.10 to 4.12). These large seed often appeared to remain green 
longer than their FIE+ siblings in the same silique, which were undergoing desiccation. A 
high proportion of these plants also produced seed that appeared to have aborted, (they were 
brown in colour and had collapsed) but contained a much larger embryo than aborted seed 
observed inJie-2 seed (figures 4.10 to 4.12). Abnormally large seed were never observed in 
the FIE+ proportion. Also, no abnormal seed were observed in F3 seed from crosses lacking 
the fie-2 mutation (data not shown). This suggests that this novel phenotype may be due to a 
partial rescue of fie seed, and not due to a dosage effect as a result of expressing an extra 
copy of FIE. 
The developing seed were cleared and examined using DIC (Nomarski Differential 
Interference Contrast) light microscopy to examine the embryo and endosperm. In all three 
crosses approximately half the seed appeared wild type, the rest of the seed showed some 
abnormalities ranging from typically fie-like to seed containing late aborting embryos but 
with developmentally delayed endosperm (figures 4.13 to 4.15). In the cross segregating for 
the k22 driver line insertion, aborting embryos with cellularized PE were also sometimes 
observed (figure 4.14d). In the cross segregating for the late endosperm specific 9185 driver 
insertion, seed containing embryos that have aborted at a later stage than fie-2 embryos 

Figure 4.11 Effects of targeted expression of FIE in the early endosperm. 
Dissected siliques showing developing seed from F2 family 30 described in table 
4.3. a) Plant 30/44. b) Plant 30/17. Black arrows indicate large misshapen seed, 
red arrows indicate aborting seed containing fie embryos that are larger and at later 
developmental stages than is normal forfie. 

Figure 4.13 Effects of targeted FIE expression in the embryo. Developing seed from F3 family 4 
described in table 4.2. DIC Light microscopy of cleared developing seed (Plant 4/44). Seed are from 
the same silique. a) FIE+ seed. b)fie seed. The endosperm is typical offie mutants but the embryo is 
developmentally more advanced than is usually seen in aborting fie seed and has reached the torpedo 
stage of development. Em = embryo. 





(figures 4.15b and c) and occasionally appearing morphologically abnormal (figure 4.15d) 
were observed. The endosperm of the late aborting seed also appears more developmentally 
advanced than injle-2 seed, although often contained a large chalazal cyst typical offie. 
4.10 Rescue of fie/fie homozygotes by targeted FIE expression 
In all three lines there are plants displaying a significantly reduced seed abortion ratio, 
suggesting that some fie embryos may be escaping seed abortion. F3 or F4 seed from the 
three crosses were therefore sown onto plant tissue culture plates with or without 
Hygromycin. Morphologically abnormal plants were genotyped to identify fie homozygotes 
by using CAPS (cleaved amplified polymorphic sequence) markers and sequencing analysis. 
A small proportion from each of the three crosses produced developmentally abnormal 
seedlings some of which were later confirmed as homozygous fie plants (tables 4.6 to 4.8). 
Unfortunately, it is difficult from these results to compare proportions of morphologically 
abnormal seedlings from the three crosses as only the embryo specific family is homozygous 
for both transgenes. 
The fie-2 allele contains  a base change from G to A at the border between the 2' intron and 
3rd exon (Chaudhury A, personal communication). This mutation abolishes a native BsgI 
recognition sequence, allowing for genotyping using CAPS markers (figure 4.16). The 
'rapintl' and 'rapint5' introgenic primers pair were designed to amplify the genomic FIE 
sequence (and not the transgenic FIE sequence). The PCR fragments were then subjected to 
restriction analysis with BsgI. 
Figures 4.17 to 4.19 show two-week old homozygous fie seedlings. The seedlings were 





















Figure 4.16 CAPS analysis to determine genotype at FIE locus, a) Sequence at FIE 
intron 2/exon 3 border showing position offie-2 lesion (red) and BsgI restriction site. b) 
Gel showing PCR fragments after Bsg I digestion and deduced genotype. Note that 
enzyme does not cleave completely even for DNA from +/+ control plants. fie-2 
homozygotes can be distinguished as there is no cleavage whatsoever, and were 
confirmed by sequencing the PCR products. 
a) 	 1b) 
Figure 4.17 Phenotype of fie homozygotes from crosses involving embryo specific 9104 driver, a) Arrow 
indicates region of disorganized growth. b) Arrow indicates non-pigmented cotyledon. c) Arrow indicates repeatedly 
lobed region. d) Arrow indicates swollen hypocotyl. Co = Cotyledon, Ro = root. 
C) 	 0) 
Figure 4.18 Phenotype of fie homozygotes from crosses involving early endosperm specific k22 driver, a) 
Repeatedly lobed, b) Arrow indicates swollen hypocotyl c) Arrows show region of disorganized growth. d) Arrow shows 
region of disorganized growth. Ro = roots. 
Figure 4.19 Phenotype offie homozygote and F!E+ seedling from crosses involving late endosperm specific 
9185 driver. a) fie-2 homozygous seedling. Arrow indicates abnormal cotyledon. h) FIE+ seedling. Arrows 
indicate curled cotyledons. Co = Cotyledon, Ro = root. 
Organs that did emerge were not well differentiated and often showed regions of 
disorganized growth or repeatedly lobed areas. Some seedlings possessed swollen 
hvpocotyls or were etiolated. Occasionally, in some of the crosses, seedlings possessing 
curled cotyledons or leaves were observed (figure 4.19b) but CAPS and sequence analysis 








4/33 0.2% (1/416) 
4/43 22% (11/496) 
4/44 0.4% (2/456) 
4/48 0.0% (0/176) 




30/33 0.9% (4/440) 
30/42 1.0% (4/420) 
l'iniity Proportion of 
nuniher stdlings 
appen ri n gfie- 
230/I 0.0% (0111 360) 
230/4 0 00 	(0/12 8 )  
0.0% (0/332) 
230/30 0.4 	(1/240) 
Table 4. 6 Proportion of morphologically abnormal 
seedlings of F4 seedlings homozygous for both embryo 
specific (9104) driver and slave transgenes. Actual 
numbers are bracketed. 
Table 4. 7 Proportion of morphologically abnormal 
seedlings of F3 seedlings involving the early 
endosperm specific (k22) driver. Actual numbers are 
bracketed. 3015 and 30/33 are hemizygous for driver line 
insertion, 30/31 and 30/42 are homozygous. All plants 
were hemizvgous for UAS: :FJE. 
Table 4. 8 Proportion of morphologically abnormal 
seedlings of F3 seedlings from crosses involving the late 
endosperm specific (9185) driver. Actual numbers are 
bracketed. 230/1 is homozygous for UAS:.FJE. 230/4 and 
23015 contain no UAS::FIE insertion and 230/30 is 
hernizygous. All plants were hemizygous for driver 
trangene. 
Kinoshita et al. (2001) was able to complement the JIe-1 embryo lethal phenotype by the 
introduction of a GFP fusion gene, pFIE: :FIE-GFP, into fie mutants. However, the 
transgene expression did not recapitulate the wild type pattern of ME RNA accumulation, 
perhaps because of a requirement for additional regulatory sequences. Transgenic 
pFJE: .FIE-GFP plants showed GFP fluorescence in the central cell nucleus before and after 
fertilization, which disappeared by the eight-nuclei endosperm, and could not be detected at 
any later stage of plant development. Rescued fie homozygotes developed into abnormal 
seedlings that were smaller than wild type and did not produce normal rosettes. In some 
cases highly disorganized structures emerged from the shoot apical menstem, and seedlings 
often produced floral-type organs. Kinoshita et al. conclude that the transition from 
vegetative to inflorescence development has prematurely occurred in the shoot apical 
meristem of seedlings homozygous for the fie-] allele and the pFJE: :FJE-GFP transgene, 
and that this is reminiscent of emf mutants that skip the normal vegetative phase and flower 
early. Kinoshita et al. also reported flower-like structures generated from the hypocotyl and 
root, organs not usually associated with reproduction. However, no such flower-like 
structures and organs were observed in any of the fie homzygotes in this study. This 
difference could be due the different fie alleles used (although this is unlikely as both are 
thought to be null) or ecotypes used, or alternatively due the longer period of FIE expression 
in the developing seed from the UAS..FIE transgene used compared with the pFIE::FJE-
GFP transgene. Furthermore, the UAS: :FJE transgene may be active in the seedlings, 
allowing for some expression of FIE protein. The seedlings carrying each of the three driver 
line transgenes were therefore examined for GFP expression (figures 4.20 to 4.22) and 
compared with the autofluorescence of wild type Columbia seedlings (figure 4.23). Driver 
line 9104 showed expression throughout the vasculature of the seedling (figure 4.20). Driver 
line k22 showed expression in the epidermal cells of the leaves and cotyledons, the 
hypocotyl and root. Fluorescent ER bodies were also seen throughout the seedling (figure 
4.21). Driver line 9185 showed no GFP expression in the leaves or cotyledons, but strong 
expression in the root, and weaker expression in the stem and petiole vasculature (figure 
4.22). However, as none of the wild type-looking seedlings from the three crosses were 
identified as fie homozyotes it is likely that this limited expression pattern is not sufficient to 
recapitulate wild type FIE expression. 
Figure 4.20 Seedling GFP expression in driver line 9104. 
Fluorescent microscopy. GFP fluorescence is seen as green, 
chlorophyll auto fluorescence is seen as red. a) Leaf (red 
emission filter on). b) Cotyledon (red emission filter on). c) 
Root / hypocotyl junction. 
Figure 4.21 Seedling GFP expression in driver line k22. Fluorescent microscopy. (1iFP 
fluorescence is seen as green, chlorophyll auto fluorescence is seen as red. a) Leaf (red 
emission filter on). b) Hypocotyl (red emission filter on). Arrow indicates an ER body. 
c) Hypocotyl/root junction. d) SAM. 
Figure 4.22 Seedling (F'P expression in driver line 9185. Iluorescetit microscopy. 	J1P iiuorccciice is seen as green, 
chlorophyll autofluorescence is seen as red. a) Root. b) and c) SAM. (c) red emission filter on). 
Figure 4.23 V lid type seedling (Columbia) 
autolluorescence. Chlorophyll autofluorescence is 
seen as red. a) Leaf. b) SAM. c) Root, showing a 
weak green autofluoresence. 
Chapter 5. Discussion 
5.1 A FIS Polycomb complex 
5.2 A novel FIE interacting protein 
5.3 The requirement for FIE activity in the embryo and endosperm 
Chapter 5. Discussion 
The results of this study show that MEA and FIE, and MEA and FIS2 interact in yeast two-
hybrid, and that the interaction of MEA and FIE is mediated by the amino-terminal region of 
MEA, whilst interaction of MEA and FIS2 requires the FIS2 C—terminal VEFS box. 
Furthermore, as FIE, MEA, and FIS2 do not possess specific DNA binding  activity, it 
remains unclear how the FIE complex is directed to its target genes. Yeast two-hybrid 
assays were used to identify a novel FIE interacting protein: RAP-1, a member of the basic 
helix-loop-helix (bHLH) family of transcription factors. However, the biological relevance 
of this interaction is unclear, as no genetic interaction of FIE and RAP-] is observed in vivo. 
Although, this could be due to redundancy as RAP-] is a member of a large gene family. 
Although FIE is expressed in both embryo and endosperm, it is the endosperm that is 
predominantly affected 'in fie mutants. In order to establish if FIE is required in both tissues, 
I used a strategy for targeted expression of FIE to the embryo and endosperm regions in afie 
background. I observed a rescue of fie embryo lethality so that viable fie homozygous 
seedlings were obtained. This confirms that the transactivation strategy used in this study is 
potentially valuable for dissecting fie function. However, it was not possible to resolve the 
site offie function due to technical problems with one of the transgenic lines used. 
5.1 A FIS Polycomb complex 
Loss of FIE and MEA confers similar mutant phenotypes in both unfertilized embryo sacs 
and developing seeds; that is, fertilization-independent endosperm proliferation and the 
abortion of fertilized seeds that carry a maternally inherited mutant mea or fie allele 
(described in section 1.4). The shared mutant phenotype could be explained by the three FJS 
wild type gene products acting in a common pathway, whereby one gene activates the 
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expression of another to regulate seed development. Alternatively, the three FIS proteins 
may act as part of a multimeric complex similar to that observed with their animal 
homologues (section 1.5). This study used yeast two-hybrid to show that MEA and FIE 
interact, and that the fie-6 mutation which drastically reduces FIE activity in planta also 
eliminates interaction of FIE and MEA, consistent with the FIE-MEA interaction being 
necessary for FIE activity in planta. The esc21 mimic mutation S255F (S301F in WD5 of the 
Drosophila protein ESC) introduced into the FIE bait (section 3.3) showed that it only 
partially disrupted its interaction with MEA in yeast (figure 3.5). This suggests that the 
S255F mutation might be less important in FIE compared with ESC for the interaction with 
its SET domain partner. It would be interesting to see if this was reflected in the trypsin 
sensitivity of the mutant FIE protein. Moreover, the S255F mutation could be engineered in 
a FIE transgene and introduced into a JIe background. This might allow a weak mutant 
phenotype to be observed if the mutant FIE protein retained some ability to interact with 
MEA. 
In situ data (Spillane et al. 2000 and Vielle-Calzada et al. 1999) show that FIE and MEA 
RNA expression overlaps in vivo, and cotransfection experiments (section 3.6) showed that 
the proteins co-localize within the nucleus in planta consistent with a physical interaction 
between these two proteins. In yeast, interaction of MEA and FIE was shown to be mediated 
by the amino-terminal region of MEA. Despite primary sequence divergence in this domain, 
MEA can interact with its corresponding animal partner ESC in the yeast two-hybrid system 
(figure 3.4). This is consistent with the secondary structure prediction of these regions. 
Both E(z) (Tie et al. 1998) and MEA are predicted to share some secondary structure and 
fold into a a-helix (figure 5.1). 
The similarity of fis2 mutants to fie and mea suggested that FIS2 might interact with either 
FIE, MEA, or both. However as discussed previously (section 3.4), no interaction with the 
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Figure 5.1 MEA and E(Z) N-terminal Protein Secondary Structure Prediction. Obtained using the NNPREDICT program. 
Both regions are predicted to include an a-helical structure. Prediction confidence: L >69% loop, H >82% helix, h <82% helix, E 
>82% extended (sheet), e <82% extended (sheet), - no prediction. 
full-length FIS2 protein was observed in yeast two or three-hybrid, but that work by A. 
Bishopp (ICMB, Edinburgh) had suggested a possible reason for this. He found that the 
EMF2 protein, which is a homologue of FIS2, did not interact in yeast two-hybrid with the 
MEA homologue CLF when it was expressed as a full-length protein. However, a truncation 
containing only the C-terminus of EMF2, which contains the conserved VEFS box region 
did interact (A. Bishopp, unpublished). This might be attributed to stenc hindrance of the 
full-length protein,  whereby the interaction domain of the protein is restricted or obstructed 
in the chimeric fusion protein. Alternatively, the full-length FIS2 protein may be poorly 
expressed in yeast. The latter possibility is supported by the observation that both VRN2 
and SuZ12, two homologues of FIS2, cannot be expressed as full-length proteins in E.coli 
(C. Dean, personal communication). The C-terminus of FIS2 was therefore expressed as a 
DB fusion, and tested for interaction with MEA. The results showed that MEA and the FIS2 
VEFS box can interact in yeast, and that the FIS2 interaction domain is separate from the 
FIE interaction domain. No interaction with FIE was observed with either full-length FIS2 
or the C-terminal VEFS box. 
In vitro binding and co-immunoprecipitation experiments by Köhler et al. 2003 showed a 
direct physical interaction between FIE and MSI1, and that FIE, MEA and MSI1 are present 
together in a 600 Wa complex. Taken together these results suggest that the similarity of 
the fie, mea, fis2, and msil phenotypes probably reflects the interaction of their gene 
products as part of a multiprotein complex (figure 5.2). By analogy with animal systems 
(van der Vlag J and Otte AP 1999), it is likely that this complex modifies histones to confer a 
transcriptionally inactive state. 
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Figure 5.2 Diversification of PRC2 complexes in Arabidopsis. Three distinct 
complexes act throughout Arabidopsis development to repress target genes. Stripped 
proteins are not experimentally confirmed as complex members. See text for 
details. 
5.1.1 Distinct Pc-G complexes in plants 
In Drosophila, the PRC2 genes (including ESC, E(Z) and Su(z)12) are single copy genes. 
This is in contrast to Arabidopsis, where there is increasing support for the existence of at 
least three distinct plant PRC2 complexes. Yeast two-hybrid studies show that the Pc-G 
proteins CLF and CLK interact with FIE, and that EMF2 interacts with CLF (Y. 
Chanvivattana and A. Bishopp personal communication). The interaction of CLF with 
EMF2 in yeast was also confirmed by in vitro pull down experiments (D. Schubert personal 
communication). Consistent with a potential interaction in planta, CLF, CLK and EMF2 
share overlapping expression domains by way of ubiquitous expression throughout the 
vegetative, inflorescence and floral meristems (Goodrich et at., 1997 and Yoshida et at., 
2001). Further support for a functional physical interaction between these proteins is 
provided by the results of the phenotypic analysis of the various Arabidopsis Pc-G mutants. 
The clf emJ2, fie homozygotes, and clfclkl-1 mutant plants exhibit overlapping phenotypes, 
and weak cif and emJ2 alleles show a strong genetic interaction (Yang et al., 1995, Kinoshita 
et at., 2001, and Y. Chanvivattana, personal communication). Furthermore, molecular 
analysis of partial loss-of-function msil mutants revealed that MSI1 is required to maintain 
the correct temporal and organ-specific expression of the homeotic gene AG, a proposed 
target of CLF/CLK (Hennig et at. 2003). Taken together these results suggest that a distinct 
Pc-G complex containing CLF/CLK, FIE and EMF2 acts to repress the transition to 
flowering during vegetative development (figure 5.2). 
A third plant Pc-G complex containing VRIN2 is thought to epigenetically maintain the 
repression of FLC during vernalisation (Gendall et al., 2001). It has recently been shown 
that VRN2 interacts with CLF and CLK in yeast (D. Schubert and A. Bishopp, personal 
communication). The complex is also likely to contain FIE, as other plant or animal E(z)-
type proteins have always been found to act together with an ESC-type protein. 
Furthermore, vernalisation involves changes to the histone methylation status at the FLC 
locus, increasing dimethylation of lysines 9 and 27 of histone H3 (Bastow et al. 2004). Such 
modifications are catalysed in animals by Pc-G complexes to maintain silenced chromatin 
states. Taken together these results suggest a functionally distinct Pc-G complex containing 
VRN2, FIE and CLF/CLK (figure 5.2). 
Plants and animals evolved multicellularity independently of each other. The adoption of 
Pc-G-mediated repression to counteract the common problem of the maintenance of 
established developmental gene expression patterns through subsequent cell divisions during 
later development was, therefore, likely to have taken place independently between the two 
kingdoms. The ancestor sequence of the ESC and E(z) genes probably existed prior to the 
divergence of the two kingdoms. Later on, the polyploidisation events in plants resulted in 
most of the plant genes being found in multicopies, and due to selective pressure many of the 
duplicated genes acquired novel functions and expression patterns to act in diverse 
developmental pathways in the plant (figure 5.2). Nevertheless, some redundancy is still 
thought to remain, for example, between CLF and CLK (Y. Chanvivattana, personal 
communication). Also, as the fie seedling phenotype and c/f c/k phenotype is stronger than 
the emJ2 phenotype it is likely that FMF2 might prove to be partially redundant with the 
ubiquitously expressed VRN2. Accordingly, it would be interesting to see if the emj2 vrn2 
double mutant shows an enhanced phenotype. 
As previously mentioned (in section 1.5.1), at least two biochemically distinct Drosophila 
Pc-G complexes have been identified. The ESC-E(z) complex (PRC2) acts early to establish 
silencing, while the PRC 1 complex is recruited later and functions to maintain silencing 
throughout development (Shao et al., 1999, Ng et al., and Tie et al., 2001). Interestingly, no 
Arabidopsis homologues to the PRC 1 Pc-G proteins have yet been identified. This could be 
considered consistent with the idea that plant development is much more flexible than animal 
development, and Arabidopsis does not possess an equivalent long-term memory system. 
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Alternatively, Arabidopsis could have as yet unidentified proteins equivalent in function to 
the animal PRC 1 that interpret and maintain epigenetic marks, such as methylated K27 on 
historic H3, but which can be easily erased by other enzymic systems that are more widely 
expressed in plants. 
5.2 A novel FIE interacting protein 
In Drosophila it remains unknown how the ESC-E(z) complex is recruited to its target genes. 
The transcription factor Hunchback (Hb) has been implicated, but a physical interaction with 
the complex has not yet been demonstrated (Kehle et al., 1998). However, it has recently 
been confirmed that several short motifs are required for PRE/TRE function, these include 
binding sites for three sequence-specific DNA binding proteins: the Pc-G protein 
Pleiohomeotic (PHO), and the GAGA factor and zeste protein, both of which are trxG 
members, suggesting that the Pc-G and trxG complexes are recruited to their target genes by 
these sequence specific factors (Ringrose et al. 2003). 
As discussed previously, the Arabidopsis FIS proteins (FIE, MEA and FIS2) and MSII act 
together in a complex to repress its target gene(s) (e.g. PHEJ). However, as none of these 
proteins have been found to possess specific DNA-binding activity it remains unclear how 
this complex is targeted. It is therefore thought that the FIS complex could contain proteins 
that possess specific DNA-binding ability to target the complex to its DNA target gene(s). 
The yeast two-hybrid screen carried out using FIE-DB as 'bait' identified one FIE interacting 
protein: R-homologous Arabidopsis Protein-1 (RAP-1), a member of the basic helix-loop-
helix (bHLH) superfamily of myc-like transcription factors (figure 3.11 a).  A disadvantage 
of the yeast two-hybrid system is the occurrence of false positive interactions, so to help 
eliminate the possibly of this being the case for FIE and RAP-1, in vitro pull-down 
experiments could be performed. Co-immunoprecipitation experiments could be performed 
to confirm the interaction in planta 
5.2.1 The basic helix-loop-helix family 
RAP-1 is a member of the basic helix-loop-helix (bI-ILH) superfamily of myc-like 
transcription factors. It is thought that the bI-ILH domain is an ancient component of 
transcriptional regulation as it has been found not only in the plant kingdom, but also in 
animals and in yeast. bHLH proteins have been most widely studied in mammalian and 
other non-plant eukaryotic systems where they are found to control a diversity of processes 
such as cell proliferation, neurogenesis, sex determination, and cell fate specification 
(Grandori et at. 2000, Massari and Murre 2000). Members of this superfamily are 
characterised by a bipartite bHLH domain, consisting  of 60 amino acids. At the N terminal 
end of the domain lies a stretch of 15 amino acids with a high number of basic residues. 
The rest of the domain consists of the HLH made up of mainly hydrophobic residues that 
form two amphipathic a-helices separated by a loop region (figure 3. lib). The HILH region 
allows dimerisation to occur allowing the formation of homo and hetrodimers. This 
association brings together the two basic regions that then bind to the DNA recognition 
sequence. The core of the DNA sequence motif recognised by the bI-ILH proteins is a six-
nucleotide stretch of DNA known as the E-box (5'-CANNTG-3'). The ability to 
heterodimerise with other bFILH partners allows for a large number of potential DNA-
binding complexes, each with variable DNA binding properties and activation or repression 
abilities. The potential is further increased by the spatial expression patterns of the 
heterodimer components or MYB partners. 
The Zea mays R gene product Lc (involved in anthocyanin synthesis) was the first plant 
bI-ILH protein to be discovered (Ludwig et al. 1989). Since then, between 118 and 147 
bI-ILH genes have been identified in Arabidopsis (Buck and Atchley 2003, Heim et at. 2003, 
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Toledo-Ortiz et al. 2003), but only a few of these have been characterised in detail. Those 
that have been characterised have been found to function in a wide range of processes 
including anthocyanin biosynthesis, phytochrome signalling, globulin expression, fruit 
dehiscence, carpet, and epidermal development. Although the bHLH region of these 
proteins is well conserved in the plant superfamily the remainder of the protein is generally 
much less conserved. So far, no close animal homologues of the plant bI-[LH proteins have 
been found. Using just the bI-ILH domains for alignment Toledo-Ortiz et al. (2003) created a 
phylogenetic tree showing 21 subfamilies, whereas Heim et al. (2003) describe 25 
subfamilies, and Buck and Atchley (2003), 15. 10% of Arabidopsis bHLH genes do not 
possess introns (Heim et al. 2003), including RAP-] and its close homologues bHLH28 and 
bHLH51ATR2 (Smolen et al. 2002). One reason for this could be retrotransposition: a 
process whereby genes are duplicated by using mature mRNA as the template. Intronic and 
gene distributions throughout the Arabidopsis genome suggests that overall, 38% of bHLH 
genes could have evolved by some type of duplication event (Heim et al. 2003, Toledo-Ortiz 
et al. 2003), and unlike in animals, some plant bHLH genes are partially redundant (Goff et 
al. 1992, Riechmann and Ratcliffe 2000). 
5.2.2 R-homologous Arabidopsis Protein-i (RAP-1) 
RAP-i was first identified in a southwestern screen by de Pater et al. (1997). The screen 
was designed to identify Arabidopsis proteins that could bind to elements derived from the 
pea lectin promoter. Further investigation showed that RAP-i protein binds to the G —box 
sequence 5' -CACNTG-3'. The expression pattern of rap-] analyzed by northern blot 
hybridization showed that rap-] is expressed mainly in vegetative tissues. The highest 
expression was observed in the root and stem, and no expression was found in siliques. rap-
1 was shown to be functionally different from R-protems such as Lc. 
W. 
Abe et al. (1997) identified RAP-] independently in a separate binding screen, using a 
fragment of the RD22 promoter containing two G-boxes (5'-CACATG-3'). RD22 is an 
Arabidopsis dehydration—responsive gene (Yamaguchi-Shinozaki and Shinozaki 1993). Abe 
et al. (1997) refer to RAP-] as RD22BPJ (RD22 binding protein 1), and later as AtMYC2 
(Abe et al. 2003), however for the sake of precedence the name RAP-] will be retained here. 
RNA gel blot analysis revealed that transcription of RAP-] is induced by dehydration stress 
and abscisic acid (ABA) treatment, and its induction precedes that of RD22. During drought 
conditions plant cells sense the loss of water, transducing a stress signal to the nuclei. This 
leads to the expression of specific drought response genes. Most of these genes are also 
induced by ABA, although there are also ABA-independent drought responsive genes. RAP-
1 itself is rapidly induced by ABA treatment, dehydration, and high salt treatment. No 
increase in RAP-] rnRNA was observed in cold stressed plants (Abe et al. 1997). 
Northern-blot analysis carried out by Abe et al. (1997) showed a different pattern to that 
previously described by Pater et al. (1997), with strong expression in siliques and stems, but 
weak in leaves and roots. Transgenic plants over-expressing RAP-] show hypersensitivity to 
ABA and increased levels of RD22 and AtADHi (Alcohol Dehydrogenase i) expression 
(Abe et al. 2003). Rap-] loss-of-function lines were generated using an Ac/Ds tagging 
system and were found to exhibit reduced ABA sensitivity and showed decreased expression 
levels of RD22 and AtADHi upon ABA treatment compared to wild type, and were 
significantly retarded in growth (Abe et al. 2003). The RD22 promoter region also contains 
a MYB2 binding site, and it is thought that together with MYB2, RAP-i activates RD22 
expression in drought conditions (Abe et al. 2003). 
5.2.3 The rap-] mutant and genetic interactions with Pc-G members 
To determine whether the interaction of RAP-i and FIE in yeast might be biologically 
relevant in planta, plants carrying two separate rap-] insertion alleles were first identified 
using the Salk T-DNA insertion collection. The T-DNA insertions were confirmed and 
predicted to cause severe loss-of-function or null mutations. Subsequently, rap-] plants 
were examined for phenotype such as those observed with fie mutants and crossed tojIe and 
cif to look for genetic interactions in double mutant combinations. However, no apparent 
rap-] phenotype was observed (figure 3.16). Because FIE is likely to act with other Pc-G 
members after germination as discussed above, whole plant phenotypes (for example, 
similarities to cif mutants) were also characterised. However, no apparent vegetative or 
floral mutant phenotype was observed (data not shown). Abe et al. 2003 also reported no 
observable phenotype unless the plants were first treated with ABA. In this case growth 
retardation was reduced significantly in ABA treated plants compared with wild type plants 
consistent with WT RAP-] inducing the stress response gene RD22 (Abe et al. 2003). It 
would be interesting to look for any similar ABA sensitivity in fie, rap-] fie, cif/cik, vrn2 or 
emJ2 plants, as this would support the biological relevance of the FIE-RAP-1 physical 
interaction. 
To test for a genetic interaction of RAP-] with FIE in planta, rap-] mutants were introduced 
into a fie background to assess whether the fie phenotype was modified. If RAP-1 acts with 
FIE in a complex one might expect to see a genetic interaction, for example enhancement of 
seed or vegetative phenotype. However, double mutant plants could not be generated as 
homozygous fie-2 plants abort as embryos. Nonetheless, a reduced dosage of FIE might 
have an effect in a genetic background that is already compromised for a different member 
of the complex, e.g. RAP-i. However, no differences from the characteristic fie phenotype 
were observed. The vegetative phenotype of these plants was also examined but no mutant 
phenotype was seen. Nevertheless, these results do not exclude a genetic interaction 
between FIE and RAP-] for several reasons: members of a common complex do not always 
show dosage effects, RAP-] may be redundant, and the rap-] phenotype may be subtle or not 
apparent with the growth conditions used. 
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As RAP-1 interacts with FIE in yeast, and FIB is thought to be a component of several 
distinct Pc-G complexes, there is a potential for genetic interaction between RAP-] and CLF 
or VRN2 in planta. rap-] mutants were therefore crossed into the c/f background. However, 
no enhancement of the c/f phenotype was observed. Although, again this lack of genetic 
interaction could be attributed to a functional redundancy of the RAP-] gene. As FIB is also 
thought to be a component of a complex containing VRN2, I crossed rap-] into two late 
flowering backgrounds in which the response to vernalisation treatment is most pronounced, 
unfortunately due to time constraints the F2 seed were not vemalised for a sufficient duration 
and a clear response to the cold treatment was not seen, and the results were therefore 
inconclusive (data not shown). Together these results show that FIB and RAP-i proteins 
have the potential to interact in yeast two-hybrid, but it remains unclear if this interaction is 
biologically relevant in planta, and whether RAP-1 is involved in recruiting any of the FIE 
containing complexes to their target genes. 
5.3 The requirement for FIE activity in the embryo and endosperm 
As previously discussed, FIE expression analysis (demonstrated by in situ hybridisation) 
shows that it is expressed in both embryo and endosperm during early seed development 
(Spillane et al. 2000). The distribution of FIE mRNA in developing seed is consistent with 
FIE functioning in both early embryo and endosperm development after fertilization. 
However, although aborting fie seed show defects in both endosperm and embryo 
development, the embryo relies on the endosperm for nourishment and signals, raising the 
possibility that the embryo arrest could be an indirect consequence of defects in endosperm 
development. As previously discussed (in section 4.10), Kinoshita et al. (200 1) reported the 
rescue of fie lethality using a pFIE: :FIE-GFP transgene that showed GFP expression in the 
endosperm up until the 8-cell stage, and no expression in the embryo at any stage, consistent 
with the requirement of FIE in the endosperm alone. However, there is some evidence to 
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suggest that FIE is also required in the embryo. Occasionally, mea/mea or fis2/J1s2 plants 
are obtained, but never fie homozygotes, suggesting FIE may have additional functions in 
the embryo, consistent with its expression there. Alternatively, as unlike MEA and FIS2, 
FIE is a single  copy gene, so mea and fis2 may just have a weaker phenotype due to 
redundancy, for example with CLK or EMF2 respectively. In order to establish the 
requirements for FIE in the embryo and endosperm I targeted FIE expression to specific 
domains of the seed, using  a driver-slave strategy (summarised in figure 4.1). Three driver 
lines were used expressing the activator GAL4-VP16 in the embryo (9184), the early 
endosperm (k22), or in the late endosperm (9185). Unfortunately, due to technical 
difficulties discussed previously (in section 4.6), only one UAS::FJE slave line was used 
(14.2). 
Targeted expression of the FIE transgene specifically in the embryo or endosperm in a fie 
background could give rescue of the seed abortion phenotype. In this case fie/+ plants 
homozygous for both driver and slave transgenes will show 100% seed viability. If 
heterozygous for the driver transgene, then it is likely that only seed inheriting the transgene 
maternally will be rescued, giving 25% seed abortion, whilst plants hemizygous for both 
transgenes would display around 37.5% seed abortion. Significantly lowered abortion ratios 
were obtained in all of the three crosses analysed. The F3 plants homozygous for both slave 
and embryo-specific driver transgenes showed some plants with abortion ratios as low as 
40%. This suggests that some rescue of the fie embryo lethality was occurring. The fact that 
there was 40% seed aborting and not 0% might be because the UAS: :FJE was not expressed 
in sufficient levels to give full complementation. The F2 plants segregating for both slave 
and early or late endosperm-specific driver transgenes showed some plants with abortion 
ratios as low as 29% and 38% respectively. Although it was not determined whether these 
plants are homozygous or hernizygous for the slave transgene, it is interesting to note that the 
plants with significantly lower abortion ratios were not always homozygous for the driver 
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transgene, as might be expected. Also, three plants showing no GFP expression (30/20, 
30/46, and 230/47), although not exhibiting significantly reduced abortion ratios, displayed 
some abnormally large seed, thought to be associated with a fie rescue phenotype. This 
suggests that the 14.2 slave line transgene could be inserted in a context that allows for some 
basal expression of UAS: :FJE regardless of GAL4-VP 16 activation. 
If the fie- phenotype of embryo abortion was due to an absolute requirement for FIE activity 
in either the embryo or endosperm, one might expect to see a difference in the proportion of 
plants displaying lower abortion ratios depending on the driver line used. For example, if 
FIE is not required in the endosperm, but only in the embryo, one would expect no rescue of 
embryo abortion in the crosses involving the endosperm-specific drivers, k22 and 9185. 
However, as some seed abortion percentages are lower (29%) in the early-endosperm 
specific cross than the other crosses (-.39%), it suggests that FIE might be principally 
required in the early endosperm in wild type plants. Alternatively, as there was originally 
thought to be two unlinked insertions in slave line 14.2, it is possible that the early 
endosperm specific cross contains a UAS: :FIE insertion at a separate locus from those in the 
other two crosses, resulting in an increased GAL4-independent expression. However, 
further crosses with independent UAS. :FIE slave lines would need to be carried out to 
support this. 
As discussed previously (in section 4.9), the novel phenotype of abnormally large, late 
desiccating seed is likely due to fie rescue, but it would be interesting to confirm this by 
sequence or CAPS analysis of the FIE locus in these seed. A similar strategy was used to 
analyse the FIE locus in the morphologically abnormal seedlings, which demonstrated that it 
was possible to obtain viable homozygous fie seedlings from all three crosses. However, it 
would be necessary to obtain lines homozygous for both transgenes to be able to compare the 
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frequency of fie homozygotes between the crosses, to establish if the early-endosperm 
specific lines are showing a higher frequency of rescue. 
The delayed activity of a paternal copy of a FJE+ allele is not sufficient to rescue afie ovule. 
It is interesting therefore, that at least one fie homozygote seedling was identified from the 
cross involving the late endosperm-specific driver transgene. In this driver line (9185), 
transgene expression is not detected in the endosperm until the early torpedo stage of embryo 
development, a developmental stage later than at which paternal FIE expression begins. 
Taken together, it appears the results obtained are not very informative as to the required site 
of FIE activity in the developing seed. However, it is possible that FIE could be required in 
both the endosperm and embryo, but expression in any one of these tissues can rescue the 
lethality. Alternatively, it is possible that there is low level expression of the driver 
transgene in the endosperm/embryo that is too weak to be detected by confocal microscopy 
analysis of GFP fluorescence, but sufficient for some GAL4-VP 16 activation of UAS. :FIE. 
The lie homozyotes rescued as seedlings were morphologically abnormal. The seedlings 
were much smaller than wild type, leaves did not form, and there was no regular phyllotaxy. 
Organs that did emerge were not well differentiated and often showed regions of 
disorganized growth or repeatedly lobed areas. Some seedlings possessed swollen 
hypocotyls or were etiolated. No floral organs or tissue were observed as reported by 
Kinoshita et al. (2001). It would therefore be interesting to test these fie plants for 
misexpression of floral homeotic genes also reported by Kinoshita et al. (2001). As it is 
thought that a FIE Pc-G complex is required to prevent early flowering during the vegetative 
phase, the absence of floral tissue in these seedlings could be due to the longer period of FIE 
expression in the developing seed from the UAS: :FJE transgene used in this study compared 
with the pFIE: :FJE-GFP transgene Kinosita et al. used. Or alternatively, that the seedling 
expression of the driver transgenes was sufficient to give some limited FIE activity. 
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Taken together these results show that the driver-slave strategy for FIE transactivation in the 
developing seed is capable of rescuing the fie embryo lethality, however, it remains unclear 
as to the requirement for FIE in the endosperm or embryo. 
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Interaction of the Arabidopsis Polycomb group proteins FIE and 
MEA mediates their common phenotypes 
C. Spillane*ft,  C. MacDougall*,  C. Stock, C. Köhler*t, i-P. VieIIeCaIzada#ll, 
S.M. Nunes, U. Grossniklaus*t#  and J. Goodrich 
Genes of the FERTIL ISA TION INDEPENDENT SEED 
(FIS) class regulate cell proliferation during reproductive 
development in Arabidopsis [1-5]. The FIS genes 
FERTILISATION INDEPENDENT ENDOSPERM (FIE) and 
MEDEA (MEA) encode homologs of animal Polycomb 
group (Pc-G) proteins, transcriptional regulators that 
modify chromatin structure and are thought to form 
multimeric complexes [3-11]. To test whether 
similarities in fis mutant phenotypes reflect interactions 
between their protein products, we characterised FIE 
RNA and protein localisation in vivo, and FIE protein 
interactions in yeast and in vitro. Expression of FIE 
mRNA overlaps with that of MEA during embryo sac and 
seed development and is unaffected in mea mutants. 
Results from the yeast two-hybrid system and an in vitro 
pull-down assay indicate that MEA and FIE proteins 
interact. The relevance of this interaction in vivo is 
supported by the finding that FIE and MEA co-localise in 
the nucleus in transfected plant cells. Interaction of MEA 
and FIE is mediated by the amino-terminal region of 
ME.& Despite sequence divergence in this domain, MEA 
can interact with its corresponding animal partner Extra 
sex combs (ESC) in the yeast two-hybrid system. We 
conclude that FIE and MEA act together as part of a 
multimeric complex and that this accounts for the 
similarities in mutant phenotypes. We propose that an 
ancient mechanism for chromatin modification has been 
independently recruited to different developmental 
processes in the two kingdoms. 
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Results and discussion 
MEA and FIE encode homologues of the Drosophila 
Enhancer of zeste E(Z) and ESC proteins, respectively 
(Figure la; see also [3-7] and Supplementary material). 
These are widely conserved and have been shown to co-
localize in complexes distinct from the other Pc-G pro-
teins [9-16]. To test whether plant MEA and FIE could 
interact, yeast two-hybrid assays were performed. The 
near full-length proteins were expressed as 'bait' fusions 
to the yeast Ga14 DNA-binding (DB) domain, and as 
'prey' fusions to the Ga14 transcriptional activation (TA) 
domain [17] (see Supplementary material). Yeast strains 
that carried the FIE bait construct alone were unable to 
grow in the absence of histidine and did not express 
3-galactosidase, indicating that the DB—FIE fusion did 
not activate either reporter gene. In addition, GAL4—TA 
and FIE—DB did not interact in yeast. However, yeast 
transformants carrying DE—FIE and TA—MEA expressed 
both reporters, suggesting that PIE and MEA interact 
(Figure lb). We did not detect a reciprocal interaction 
when FIE was expressed as a prey fusion and MEA as a 
bait (data not shown), presumably because one or both 
fusions were non-functional. In an alternative two-hybrid 
system [18], MEA—DB constructs on their own were able 
to weakly activate reporter gene expression, but gave 
increased 3-galactosidase activity in the presence of 
FIE—TA prey (Figure ic), also consistent with an PIE-
MEA interaction. To test whether mutations that elimi-
nate FIE activity in planta also affect its interaction with 
MEA, we introduced the fie-6 mutation into the 
FIE—GAL4—DB bait. fie-6 confers a strong mutant pheno-
type equivalent to that of alleles encoding extensive trun-
cations or deletions [7]. It encodes FIE W364STOP, 
which truncates the FIE protein by six residues and dis-
rupts the highly conserved WD residues at the carboxy-
terminal end of WD repeat motif seven, which are 
predicted to stabilise the 3-propeller structure (for 
example [8,9,191). Introduction of the W364STOP muta-
tion into the FIE bait prevented its interaction with MEA 
(Figure ib), consistent with the FIE—MEA interaction 
being necessary for FIE activity inpianta. 
To map the region of the MEA protein required for inter-
action with PIE, a series of earboxy-terminal truncations 
of MEA were expressed as fusions to the Ga14 activation 
domain. We found that the amino-terminal residues 4-109 
were sufficient for interaction with FIE. Proteins with more 
extensive deletions (residues 4-79) were unable to inter-
act with PIE (Figure ib) and a series of amino-terminal 
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FIE and MEA interact in yeast. (a) Alignment of MEA and E(Z), and FIE 
and ESC proteins. Amino acid identities in conserved domains are 
indicated. C5 , CYS and SET, conserved cysteine-rich regions and SET 
domain previously described (for example [4]); WD, WD repeat motif. 
(b) Assays using a Ga14-based yeast two-hybrid system [16]. Three 
independent transformants are shown for each growth assay on His 
media For 3-galactosidase activity assays, six independent transformants 
were grown on filter paper, lysed, and incubated on media containing 
X-Gal (see Supplementary material). (c) Assays using a LexA-DB-based 
system [18]. In this system, LEU2 and IacZ (3-galactosidase) reporter 
genes are transcriptionally dependent on LexA. Expression of the prey 
construct is galactose inducible, so colonies were grown on glucose- or 
galactose-containing media to compare reporter gene activation in the 
presence of bait alone or bait with prey, respectively. Three independent 
transformants are shown for each assay. E(Z)-DB and MEA-DB alone 
activated the LEU2 reporter but gave weaker activation of the 
3-galactosidase reporter, FIE-DB alone strongly activated both reporters 
and therefore could not be used in two-hybrid assays. 
deletions all tested negative for interaction with FIE. 
Together, these results suggested that residues 4-109 of 
MEA were sufficient for interaction with FIE. 
An amino-terminal portion of the Drosophila E(Z) protein 
is sufficient for its interaction with ESC [8-10]. This sug-
gested that the interaction between E(Z) and ESC homo-
logues is conserved between plants and animals, and is 
mediated by amino-terminal regions of E(Z) and MEA. 
However, there is little sequence similarity between these 
regions of MEA and E(Z) indicating that the domains 
mediating the interaction have diverged in the plant and 
animal lineages. To test whether the animal and plant 
counterparts could recognise one another in two-hybrid 
assays (Figure ic), we used a LexA-DB-based system in 
which E(Z) and ESC interaction had been demonstrated 
[9]. In this system, Leu2 and 3-galactosidase reporters are 
transcriptionally dependent upon LexA [18]. TA—E(Z) 
and TA—MEA preys both interacted with DB—ESC bait 
and activated the reporters, although the interaction with 
MEA was weaker than with E(Z) (Figure lc). Thus MEA 
and EZ can both interact with ESC, despite their diver-
gent sequences in the amino-terminal region. 
To confirm independently that FIE and MEA interact, we 
performed in vitro binding assays (Figure 2a). Full-length 
MEA protein was expressed as a glutathione-S-transferase 
(GST) fusion in Escherichia co/i, purified, and immobilized 
on glutathione—agarose beads. To test for binding to FIE, 
extracts were prepared from E. co/i cells that expressed 
FIE tagged with Xpress epitope and incubated with equal 
volumes of beads attached to GST or GST—MEA. Western 
blots of the bead-associated proteins were probed with 
anti-Xpress antibodies. As shown in Figure 2, Xpress—FIE 
protein bound to GST—MEA (lane B) but not to GST 
alone (lane C), suggesting a direct physical interaction 
between MEA and FIE proteins. Thus, the MEA and 
FIE proteins bind to each other in vitro as well as in yeast. 
If the physical interaction of FIE and MEA is biologically 
relevant, their products would be expected to be coex-
pressed in vivo. The in vivo expression pattern of MEA 
was described previously [20] and is consistent with its 
roles in the embryo sac and during zygotic development: 
before fertilisation MEA RNA is expressed in the syn-
ergids, the egg and central cell of the embryo sac; after fer-
tilisation, MEA RNA is present in both fertilization products 
of the developing seed, the embryo and endosperm. To 
determine localisation of FIE mRNA in vivo, we hybridised 
digoxigenin-labelled FIE antiscnse (Figure 2b-j) and 
sense RNA probes (see Supplementary material) to tissue 
sections of developing reproductive organs in situ. FIE is 
initially expressed in the developing anther and the young 
ovule primordium. In the anther, FIE mRNA is abundant in 
microspore mother cells undergoing meiosis, in microsporo-
cytes and in the tapetum (Figure 2b), but absent from vas-
cular bundles, the connective tissue and the filament. FIE 
mRNA is also absent from pollen grains at subsequent 
developmental stages (data not shown). In the female 
reproductive organs, FIE mRNA is initially present in all 
cells of the young ovule primordium before archesporial 
differentiation (Figure 2c). FIE is not expressed in the 
placenta or the developing carpel. It is abundantly 
expressed in the ovule sporophytic tissue and the megaspore 
mother cell before meiosis (Figure 2d). Subsequently, at 
the initiation of megagametogenesis, FIE mRNA levels 
appear to decrease in the nucellus and integuments but to 
increase in the developing embryo sac (megagametophyte). 
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(a) In vitro binding of MEA and FIE. Bacterial 
extract containing Xpress-FIE protein was 
tested for binding to GST-MEA (lane B) or 
GST (lane Q. Proteins that bound to GST or 
GST-MEA were separated by SOS-PAGE, 
transferred to PVDF membrane, and 
incubated with anti-Xpress antibodies. The 
input lane (lane A) contains 1.5% of the 
volume of bacterial extract used in the binding 
assay. (b-j) Localisation of FIE mRNA (shown 
by brown staining) in reproductive organs and 
developing seeds. (b) Young stamens; FIE 
mRNA is localised in the lodicule (arrow) but 
not the rest of the anther. (c) Young ovules 
before megaspore mother cell differentiation. 
(d) Ovules undergoing meiosis; the arrow 
indicates the megaspore mother cell and the 
arrowhead the integument primordia. (e) Two-
nucleate female gametophyte. (f) Eight-
nucleate female gametophyte. (g) Mature 
female gametophyte. (h) Seed containing an 
embryo at the octant stage. (i) Seed with an 
embryo at the transition stage. (j) Developing 
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mea/mea seeds. The dark brown cells in (h,i,j), 	FNE, free nuclear endosperm; FPN, fused 
are endothelial cells, which commonly exhibit polar nuclei; PT, placental tissue; 
strong background staining. Control 
	
Su, suspensor. Scale bars represent 
hybridisations using sense FIE probes are 
	
(b) 12 p.m; (c) 8 Lm; (d) 22 gm; (e) 15 lam; 
presented in Supplementary material. 	 (f,g) 10 lam; (h,i) 30 lam; (j) 25 rim. 
A, anther; An, antipodals; CC, central cell; 
E, embryo proper; FG, female gametophyte; 
At the two-nucleated stage, FIE mRNA is abundant in 
the developing megagametophyte (Figure 2e). At matu-
rity, expression is restricted to all cells of the rnegagameto-
phyte, the endothelium and the persistent nucellar cells 
located at the ehalazal region of the ovule (Figure 2f,g). 
After fertilisation, during early seed development, FIE is 
expressed in both embryo and endosperm, but not in the 
developing seed coat. At the octant stage of embryo devel-
opment, FIE mRNA is localised in the embryo proper but 
not the suspensor (Figure 2h,i). In the developing 
endosperm, FIE mRNA is weakly expressed in free 
endosperm nuclei covering the mycropylar region of the 
embryo sac, but is abundant in large free nuclear nodules 
present in the chalazal region of the developing seed 
(Figure 2i). FIE mRNA is absent from the seed coat or 
other maternal tissues from developing siliques. 
The distribution of FIE mRNA in the megagametophyte 
and in developing seeds is therefore consistent with its bio-
logical function of repressing central cell proliferation before 
fertilisation, and controlling early embryo/endosperm devel-
opment. Furthermore, the expression patterns of FIE and 
MEA [20] overlap in the central, egg and synergid cells of 
the embryo sac, and during early embryo and endosperm 
development (except for the suspensor), indicating the 
potential for their protein products to interact. 
To test whether MEA might regulate FIE transcription, 
we characterised FIE expression in developing siliques of 
self-pollinated homozygous mealmea plants (produced by 
embryo rescue from mea seed as described in [201). We 
compared wild-type and mea mature ovules before and 
after fertilisation. For all stages of development examined, 
no differences were observed for the patterns of FIE 
mRNA accumulation (Figure 2j). This suggests that MEA 
does not regulate FIE at the transcriptional level. 
To investigate the intracellular localisation of MEA and 
FIE proteins we performed transient expression experi-
ments in cowpea protoplasts, using reporter gene constructs 
that expressed MEA or FIE as amino-terminal fusions to 
yellow fluorescent protein (YFP) or cyan fluorescent protein 
(CFP). Cotransfections of cowpea protoplast cells with 
FIE—CFP (Figure 3a) and MEA—YFP (Figure 3b) indi-
cated that FIE and MEA co-localised to the nucleus and 
were both consistently excluded from the nucleolus. 
Nuclear localisation of both MEA and FIE was also 
observed in single transfections and for the reciprocal con-
structs FIE—YFP and MEA—CFP. The in vivo co-localisa-
tion of MEA and FIE proteins in the nucleus of plant 
cells, in addition to the demonstration of their physical 
interactions in yeast and in vitro (Figures 1,2), is consistent 
with a MEA—FIE Pc-G protein complex occurring in vivo. 
The FIE and MEA genes confer similar mutant pheno-
types in both unfertilized embryo sacs and developing 
seeds; that is, fertilisation-independent endosperm prolif-
eration and the abortion of fertilised seeds that carry a 
maternally inherited mutant mea or fie allele. We have 
shown that MEA and FIE interact in yeast and in vitro, 
and that thefie-6 mutation which drastically reduces FIE 
activity in vivo also eliminates interaction of FIE and 
MEA. Furthermore, FIE and MEA RNA expression over-
laps in vivo and the proteins co-localise within the nucleus 
inpianta. We conclude that the similarity of thefie and mea 
phenotypes reflects the interaction of their gene products 
Figure 3 
1538 Current Biology Vol 10 No 23 
Cowpea protoplast co-transfected with 
pF$E-CFP and pMEA-YFP shows co-
localisation alisationofflE-CFPandMEA-yFP fusion 
• 	 - proteins. wi FIE-rr; WI Mt — n-i-'; 
(c) chioroplast autofluorescerice; (d) phase- 
arrows 	the contrast microscopy. White 	indicate 
nucleolus. Go-localized FIE-CFP and MEA-YFP 
in the cytoplasm may be related to high levels 
of expression from the 35S promoter. 
Cvrrent B,00y 
as part of a rnultiprotein complex. By analogy with animal 
systems [11] it is likely that the FIE—MEA complex modi-
fies higher-order chromatin structure around their target 
genes to confer a transcriptionally inactive state. 
The ESC and E(Z) proteins are more widely conserved 
than other members of the Drosophila and vertebrate Pc-G 
[12,13], suggesting that these two proteins are of more 
ancient origin than other Pc-C proteins. Because plant and 
animals are thought to have evolved multicellularity inde-
pendently, an ancient Pc-C-dependent mechanism for 
chromatin modification has been recruited to independent 
developmental processes in the two kingdoms. Elucidation 
of the FIE/MEA regulatory network will test whether dif-
ferent target genes have been acquired in the two lineages. 
Note added in proof 
Luo et al. have also recently reported that FIE and MEA 
interact in two-hybrid assays [21]. 
Supplementary material 
Supplementary material including a detailed description of Materials 
and methods and additional Results is available at http://current-
biology.corn/supmat/supmatin.htm.  
Acknowledgements 
We thank Jeff Simon and Rick Jones for clones and information, Renate 
Schmidt for locating the FIE cDNA on the Arabidopsis physical map, Bill 
Crosby and Roger Brent for yeast two-hybrid vectors and technical advice 
and Santiago Mora-Garcia for constructs for FIE protein expression. We 
thank Khalid Shah, Dorus Gadella and Sacco de Vries (Wageningen Agri-
cultural University) for invaluable assistance with the fluorescence 
microscopy analysis. U.G. acknowledges support by the Novartis Research 
Foundation, IAESTE, and the Kanton Zurich. C.K and J-P. V-C. were sup-
ported by EMBO Long Term and Swiss National Science Foundation Fel-
lowships, respectively, and U.G. is a Searle Scholar. J.G. is a Royal Society 
University research fellow. C.M.D. and C.S. were funded by a CAD award 
and a PhD studentship from the BBSRC. respectively. 
References 
Chaudhury AM, Ming L. Miller C, Craig S. Dennis ES, Peacock Wi: 
Fertilization-independent seed development in Are bidopsis 
thaliana. Proc Nat! Acad Sci USA 1997, 94:4223-4228. 
Ohad N, Margossian Y, Hsu Y-C, Williams C. Repetti P. Fischer RL: 
A mutation that allows endosperm development without 
fertilisation. Proc Nat! Acad Sci USA 1996, 93:5319-5324 
Grossniklaus U, Vielle-Calzada JP: ...response: parental conflict and 
Infanticide during embryogenesis. Trends Plant Sci 1998, 3:328 
Grossniklaus U. VielleCalzada JP, Hoeppner MA, Gagliano WB: 
Maternal control of embrijogenesis by MEDEA, a Poiycomb group 
gene in Arabidopsis. Science 1998, 280:446-450. 
Kiyosue T, Ohad N, Yadegari R, Hannon M, Dirineny I. Wells D, etal.: 
Control of fertilization-independent endosperm development by 
the MEDEA poiycomb gene Arabidopsis. Proc Nat! Acad Sci USA 
1999, 96:4186-4191 
Luo M, Bilodeau P. Koitunow A, Dennis ES, Peacock Wi, 
Chaudhury AM: Genes controlling fertilization-independent seed 
development in Arabidopsis thaliana, Proc Nat! Acad Sci USA 
1999, 96:296-301. 
Ohad N, Yadegari R, Margossian L Hannon M, Michaeli D, Harada JJ, 
etal.: Mutations in RE. a WD poiycomb group gene, allow endosperm 
development without fertilization. Plant Cell 1999,11:407-415 
S. Tie F. Furuyama 1, Harts PJ: The Drosophila Pofycomb Group 
proteins ESC and E(Z) bind directly to each other and co-localize 
at multiple chromosomal sites. Development 1998,125:3483-3496. 
Jones CA, Ng J. Peterson Ai, Morgan K, Simon J, Jones RS: The 
Drosophila ESC and E(Z) proteins are direct partners in Polycomb 
group-mediated repression. Mo! Cell Bio/ 1998,18:2825-2834. 
Shao Z, Raible F, Mollaaghababa R, Guyon JR, Wu C-T, Bender W, 
Kingston RE: Stabilisation of chromatin structure by PRC1. a 
Pofycomb complex. Cell 1999, 98:37-46. 
van der Viag I, Otte AP: Transcriptional repression mediated by 
the human polycomb-group protein EED involves histone 
deacetylation. Nat Genet 1999, 23:474-478. 
Korf I, Fan Y, Strome 5: The Poiycomb group In Caenorhabditis 
elegans and maternal control of germline development 
Development 1998, 125:24692478. 
Holdeman R, Nehrt 5, Strome 5: MES-2, a maternal protein essential 
for viability of the germilne in Caenorhabditis elegans, is 
homologous to a Drosophila Polycomb group protein. Development 
1998, 125:2457.2467. 
Van Lohuizen M, Tijms M, Voncken JW, Schumacher A, Magnuson T, 
Wientlens E: Interaction of the mouse Polycomb-group (Pc-G) 
proteins Enxl and Enx2 with Eed: indication for separate Pc-G 
complexes. Mot Cell Bio/ 1998,18:3527-3579. 
Ng J, Hart CM, Morgan K, Simon JA: A Drosophila ESC-E(Z) protein 
complex is distinct from other polycomb group complexes and 
contains covaiently modified ESC. Mot Cell Biol 2000, 20:3069-3078. 
Sewalt R, van der Vlag J. Gunsler Mi, Hamer KM. den Blaauwen JL, 
Satijn DPE, et al.: Characterization of interactions between the 
mammalian polycomb-group proteins Enx1/E(Z)H2 and EED 
suggests the existence of different mammalian polycomb-group 
protein complexes. Mot Cell Bio/ 1998,18:3586-3595. 
Kohalmi SE, Reader UV, Samach A, Nowak J, Haughn GW, Crosby 
WL: identification and characterization of protein Interactions 
using the yeast two-hybrid system. Plant Mot Biol 1998, M1:1 -30. 
Golemis EA. Gyuris J, Brent R: Interaction trap/two-hybrid system 
to identify interacting proteins. in Current Protocols in Molecular 
Biology. Edited by Ausubel FM, Brent R, Kingston RE, Moore DD, 
Seidman JG, Smith JA, Struhl K. John Wiley: New York; 
1996:20.1.1-20-1-23. 
Ng J, Li R, Morgan K. Simon I: Evolutionary conservation and 
predicted structure of the Drosophila extra sex combs repressor 
protein. Mo/ Cell Bio/ 1997, 17:6663-6672. 
VielleCaizada JP, Thomas J, Spillane C, Coluccio A, Hoeppner MA, 
Grossniklaus U: Maintenance of genomic imprinting at the 
Are b!dopsis MEDEA locus requires zygotic DDM1 activity. Genes 
Day 1999,13:2971-2982. 
Luo M. Bilodeau P. Dennis ES, Peacock Wi, Chaudhury A: 
Expression and parent-of-origin effects for FIS2, MEA. and FIE in 
the endosperm and embryo of developing Arabidopsis seeds. 
Proc Nat! Acad Sci USA 2000 97:10637-10642. 
